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Dynamic Distribution of Strain in Textile Materials 
Under High-Speed Impact 


Part I: Experimental Methods and Preliminary Results 
on Single Yarns 


D. R. Petterson,' G. M. Stewart, F. A. Odell,? and R. C. Maheux? 


Biophysics Division, U 


. S. Army Chemical Warfare Laboratories, 


Army Chemical Center, Maryland 


Introduction 


The basic objective of this series of investigations 
is a study of the dynamics of energy absorption in 
materials used for personnel body armour. To pre- 
sent a useful statement of the dynamic requirements 
of a body armour material, the various modes of 
energy absorption must be determined. These eval- 
related to the fiber 


material, the structure of the yarn, and the inter- 


uations must be basic textile 


action of yarn behavior in a complex multilayer 


woven fabric mass. To determine the behavior of 
such materials to the impact of a high-speed pro- 
jectile (fragment simulator), it was necessary to 
develop high-speed techniques for direct observation 
of the impact. 

Historically, this investigation was initiated by 
the development of a new and complex weave for 
body armour materials by the Canadian Directorate 
of Interservice Development. [valuation of this ma- 

1 Present address: Research Division, Chicopee Manufac- 
turing Corporation, Milltown, New Jersey. 

2Present address: Army Medical 
Fort Knox, Kentucky 

3 Present address: International 
ronto, Ontario, Canada. 


Research Laboratories, 


Business Machines, To- 
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terial in 1954, together with the standard 2 x 2 
basket weave used in the U. S. Army nylon body- 
armour vest, established no significant difference on 
a weight-for-weight basis. These results, including 
a preliminary study of the maximum transient defor- 
mation, have been previously reported [11]. 
Studies by high-speed cinematography of the defor- 
mation of the back of the armour led to a decision 
to analyze the motions on a microsecond time scale. 
It was hoped that study of individual frames of a 
high-speed camera record would allow measurements 
In the first 
experiments, an 8-mm. Fastex Ciné Camera (ap- 
The 
plane of the film was perpendicular to the plane of 


of the deceleration of the projectile. 


proximately 15,000 frames/sec.) was used. 


the armour panel or target strips. The camera was 
focused at the vertical plane determined by the 
path of the impacting projectile so that the field of 
view showed the back of the armour (the side oppo- 
site impact) during transient deformation. During 
the critical time, a light flashing on the edge of the 
film inside the camera provided millisecond markings 
to determine accurately the speed of the film and 
thus the time interval between consecutive frames. 


It was shown that a transverse pyramid formed 
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during the early stage of the transient deformation. 
This pyramid changed into a somewhat spherical 
shape at a later time. There is no method of deter- 
mining from such pictures whether or not the first 
ply impacted by the projectile was conforming ex- 
actly to the shape of the last ply. Thus, any com- 
putation as to the kinetic energy transfer from the 
projectile to the fabric would be somewhat speculative. 

To provide a more comprehensive understanding 
of the decelerating mechanism, it was decided to 
impact single layers of nylon cloth at a striking 
velocity slightly below the penetration velocity of 
this material. Such impacts were recorded by the 
photographic microflash technique to be described. 
This procedure, the results obtained, and the tech- 
nical limitations have previously been discussed [12]. 
Limited as these results were, they indicated that 
approximately 40% of the initial energy of the bullet 
was absorbed by the transversely displaced portion of 
the fabric in motion. This would indicate that there 
are other modes of energy absorption of considerable 
importance in the fabric. The more important of 
these might be considered as (1) strain energy in 


the yasns of the fabric pyramid in transverse motion, 


Fig. 1. 


Experimental range. 
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(2) longitudinal kinetic energy in the fabric moving 
perpendicularly toward the path of the projectile, 
(3) strain energy in the yarns of the fabric outside 
the fabric pyramid in transverse motion, and (4) 
energy in the form of heat as would result from 
fiber, yarn, or projectile friction. 

While this listing is quite arbitrary, it does seem 
to offer a common point of departure for further 
experimentation. Knowledge of the majority of 
these modes of energy absorption requires information 
concerning the local strain in the yarns of the fabric 
and some relationship between the stress and strain 
in both yarns and fabric under this extreme dynamic 


loading. There is no available information on the 


behavior of nylon at the rates of straining produced 


by these high-speed impacts. The work covered by 
the literature does not describe satisfactorily the 
relationships between stress, time, and strain at these 


rates and under these experimental conditions. 


Experimental Methods 


The ballistic research range of the body armour 
group was originally constructed to determine the 
ballistic limit of various forms of material under con- 
sideration for body armour, and for the study of 
various projectiles. The experimental range as 
modified for the ballistic impact of yarns is indicated 
in Figure 1. A helium gun (A) is shown mounted 
in position, although helium and powder propulsion 
systems are used interchangeably, depending upon 
blast de- 


velocity-measuring 


the missile velocity desired.* A muzzle 
(B) protects the 


screens (C, D). 


flector two 
The yarn (E) is shown mounted 
in the upper yarn clamp (F) and lower adjustable 
yarn clamp (G). A photographic light source (H) 
illuminates the yarn, and the photographs are taken 
by three cameras (J) mounted vertically on a camera 
stand in a plane perpendicular to the line of fire of 
the missile. 

The projectile velocity is determined by accurately 
measuring the time elapsed for the projectile to travel 
an accurately-known distance. The projectile, upon 
passing through and breaking the printed grid on the 
first of two velocity screens, starts a counter chrono- 
graph; the projectile’s passage through the second 
screen stops the counter. To prevent the chrono- 
graph from being “excited,” or triggered, by spurious 
noise, the chronographs are desensitized [5]. 

4A more complete description of the helium gun is given 
in a previous report [18]. 
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Fig. 2. Impacted yarn, 120 cm. 


To obtain a photograph of the deformation of the 
yarn or fabric, a light source must be triggered at a 
predetermined time. This is accomplished by an 
interval generator, whose delayed output pulse sets 
off a microflash unit. 

Because of the inherent errors in the system and 
the desired accurate timing of the projectile, a sepa- 
rate means of determining the time of the flash was 
used as a check. This is accomplished by a photo 
pickup circuit operating to stop a chronograph pre- 
viously started by rupture of the second screen. 

Such instrumentation gives an extremely accurate 
ballistic range capable of measuring velocities to less 
than 0.2% error and times of impact to +2 psec. 


Experimental Preparation of Yarn 


To observe the progress of the strain wave down 
This 


was accomplished by modifying a typewriter to pro- 


the yarn, marks were placed upon the yarn. 


duce a narrow carbon “tick mark” covering an aver- 
age width of 0.025 cm. and spaced 0.2, 0.6, or 1 cm. 
and 
The 


yarn is ticked and mounted for firing under roughly 


apart. Instron tensile tests on the unticked 


ticked yarns showed no damage to the yarn. 


1% of its breaking load, and without any change 


in its original twist. 


The first yarn tests were conducted with a yarn 
20 cm. in length, impacted near the center. Analysis 
of the results on such yarns showed that, because of 
the short length, the strain pattern quickly became 
very complex, with reflection of the strain wave at 
the clamps. Since it was felt unlikely that a bound- 
ary condition of full clamping would occur in the 
actual use of the body armour, a 120-cm. yarn length 
was chosen to allow strain studies without reflection. 

In photographing an impacted 120-cm. yarn, three 
cameras mounted one above the other were posi- 
tioned so as to obtain coverage of the yarn from 
20 cm. above the intended point of impact to the 
bottom clamp with overlapping areas of the yarn in 
the view of adjacent cameras. Figure 2 shows three 
typical photographs of the control (before firing) and 
of the impacted yarn. Photograph A shows the con- 
trol yarn at left and the impacted yarn at the right 
with Photographs B and C showing the continua- 


tion of the yarn to the bottom clamp. The control 


yarn and ruler are photographed prior to firing and 


the camera backs shifted slightly to displace the 
image of the impacted yarn. 
Experimental Measurements of Strain 


Negatives as described above are mounted on a 


Wilder microprojector, which by transmitted light 
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throws an enlarged image of a portion of the nega- 
tive on a ground glass screen. The negative is 
placed between two glass plates on a table attached 
rigidly to the moving split-nut of a micrometer screw. 
By mounting the negative and negative holder on 
the table, a linear translation of the negative is pro- 
duced with respect to a vertical index line on the 
ground 


glass. As each negative contains a cen- 


timeter scale originally placed in the plane of the 
yarn at the line of fire when the control picture was 
taken, the readings of the micrometer screw can be 
converted to actual centimeters on the yarn. By 
reference to the schematic diagram of an impacted 
yarn, Figure 3, the Wilder microprojector is used to 
determine the transverse displacement (TD) equal 
to SS’; the transverse wave positions (TW) equal to 
A’S and B’S, and the distance from the line of fire 
to the tick mark on the control corresponding to the 
first measurable tick mark on the impacted yarn. 
The standard procedure is to measure consecutively 
down the length of the control and the impacted yarn 


twice, using each reading of a tick mark as the end 
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STRIKING VELOCIT 


TRANSVERSE 


Schematic diagram of impacted yarn. 
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of one segment and the beginning of its adjacent seg- 
ment. This gives two lengths of the control segment 
and two lengths of the impacted segment, both of 
which are averaged. 

The strain for a particular segment is then plotted 
against the position of the center of the control seg- 
ment along the yarn or as the original distance of 
the segment center from the line of fire. The inter- 
section of zero strain with the distance axis deter- 
mines the distance that the strain wave has traveled 
during the time after impact, and the quotient of 
This 


procedure provides an inertialess method for deter- 


these two yields the strain wave velocity C. 
mining the strain wave velocity. Dividing the dis- 
placement of the transverse wave points from the 
line of fire by the time after impact determines the 
transverse wave velocity, l’, expressed in laboratory 
coordinates. 

The major errors involved in the determination of 
the elongation of a particular segment depend upon 
the ease with which the center of a tick mark can 


be determined. The marks vary in width from 0.15 
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mm. to 0.50 mm., and an experienced operator can 
determine the position of the center of a tick mark 
within 1/10 of its width. 
length, this error in elongation is approximately 
+0.5% 


strumentation and measurement errors is contained 


For segments 1 cm. in 


strain. A more complete discussion of in- 


in a previous report [19]. The yarn used in nearly 
all of these experiments has been Type 300 nylon 
yarn of 1080 den., consisting of 5 plies of 210 den. 
with 3.0 turns/in. The impacting projectile in all 
cases has been the U. S. Army Ordnance Fragment 
Simulator Caliber 0.22. 


Experimental Results 


The velocity of the transverse wave was observed 
to be constant prior to reflection of the strain wave 
for a given striking velocity. The velocity of the 
transverse wave for a series of striking velocities is 
presented in Figure 4. The equation best fitting the 
experimental data is the parabola U*? = 460V’. At 
(1400 


experimental determination of the trans- 


striking velocities greater than 460 m./sec. 
ft./sec.), 
verse wave velocity becomes difficult, since the yarn 
ruptures before any significant development of the 


transverse wave has taken place. 


Strain Distributions 


Figures 5, 6, and 7 give typical curves of the strain 
distribution versus position along the yarn for three 
different times after impact at striking velocities of 
approximately 500 ft./sec. It is apparent that the 
front of the strain wave is somewhat attenuated with 
increasing time and that the level of strain in the 


vicinity of the projectile remains constant. Although 


9 
. 


TRANSVERSE WAV 


Fig. 7. 


Strain versus position 
along yarn. 
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some variation in the velocity of the strain wave 
front is apparent, there does not seem to be any 
consistent order with time after impact. Each point 
on the curve represents the average of 4 to 16 meas- 
urements of elongation, and where bars are shown 
they represent the highest and lowest measured 
strains for that segment.5 The smooth curve was 
obtained from the raw data by the moving average 
method (five segments). A pictorial diagram of the 
configuration of the fired yarn shows the position of 
the transverse wave point on the unstrained yarn. 
The difference in position of the transverse wave on 
the strained yarn and the unstrained yarn represents 
the displacement of the longitudinal portion of the 
The 


the strain distribution have been extensively exam- 


yarn towards the line of fire. “variations” in 
ined and will be discussed separately. 
Figure 8 shows a composite of four curves at 500 


It./sec. 
plateau of strain in the vicinity of the projectile and 


and indicates more graphically the apparent 


the change in shape of the distribution and the attenu- 
ation of the slope of the strain wave front with in- 


creasing time. It is apparent from these and the 


following curves that the hypothesis of Hookean 


behavior is incorrect at high rates of straining and 


moderate strains. Figures 9, 10, and 11 give com- 


posites of “smoothed” strain distributions at different 
times after impact for the impact velocity levels of 
750, 1000, and 1250 ft./sec. 


he highest measured elongation was obtained by divid- 
ing the largest measurement for the shot yarn segment by 
the smallest measurement for the control segment. The 
lowest measured elongation was obtained by dividing the 
measurement for the shot yarn segment by the 
for the control segment. 


smallest 


largest measurement 
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A small amount of data has been obtained at the 
velocity range 1500-1700 ft./sec. The times to rup- 
ture are so short that no adequate representation of 
the strain distribution can be given; however, the 
strain appears to decrease more linearly with dis- 
tance and the maximum strain is in the order of 14%. 

The transverse critical velocity of nylon yarn, 
Type 300, has been verified experimentally as 1900 
ft./sec. The transverse critical velocity is defined 
for this study as the velocity at which the yarn rup- 
tures within 10 psec. 


l’ariations in the Strain Distributions 


It is readily apparent in all of the curves that the 
data obtained for the strain distributions do not pre- 
Careful study of all the 
graphs gives evidence of some form of oscillating be- 


sent a smooth curve.*® 


havior in which neither the period nor amplitude 
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appears constant. The existence of “variations,” as 
these deviations have been termed, has been an im- 
portant stumbling block to more rapid publication of 
this work. The authors recognize that this subject 
is by no means closed; for if these variations are 
accepted as real, they add enormous complications to 
any theoretical treatment of transient strain distri- 
butions within textile materials. The following de- 
scription of the experiments undertaken is very brief ; 
the reader is referred to a previous report [14]. 
As observed in Figures 5 through 7, where the 
maximum and minimum elongations are given for 
each segment, it appears that the variations are larger 
than the error which could occur in measuring. 


6 Only three distributions are shown. Approximately 75 
strain-position distributions have been measured and plotted ; 
in all but a very few, the variations in strain 
larger than the experimental error 


present are 
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Subsequent remeasurement of the negatives by dif- 
ferent operators on different measuring devices (in- 
cluding one equipped with a densitometer *) pro- 
This 


system of repetition led to as many as 10 separate 


duced excellent duplication of the results. 


and distinct measurements of elongation made on 
one negative, with the conclusion that the observed 


variations were not the result of the measuring 


device or operator error. 
As the experimental techniques improved, the yarn 


7In the Spectroscopy Section, Atomic and Radiation 


Physics Division, N.B.S 
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was marked every 2 mm. in order to determine the 
frequency of variations in the strain distribution. 


The result of such an impact is presented in Figure 


12, where the apparent amplitude and frequency of 
the strain variations have increased considerably. 
As the length of a segment decreases, the relative 
error in the measurement procedure increases, and 
each elongation 


thus the inaccuracy surrounding 


point for 2-mm. segments is approximately +25% 


strain. Still, the variations are larger than the 


observational error. 
for a number of 


Measurements have been made 





Fig. 10. 
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centimeters beyond the strain wave front, and no 
variations larger than the error were detected be- 
tween segments of the control and of the fired yarn. 
Shots were fired with a caliber .22 lead projectile 
and a caliber .22 fragment simulator tipped with rub- 


ber, without any effect on the variations. The pos- 
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sible apparent rotation of the yarn due to its twist 
and subsequent unequal displacement of the tick 
marks was investigated. Statistical analysis of static 
elongation measurements taken every 90° around the 
yarn axis showed that there was no significant differ- 
eice between strain measurements from segment to 
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segment along the yarn. This was true for both 
5-ply and 1-ply yarns and for 1l-cm. and 2-mm. 
segment lengths. 

To consider possible photographic error, two cam- 
eras were placed 110° apart to photograph, from the 
same microflash output, a portion of the yarn just 
below the transverse wave point; 1-ply, marked with 
2-mm. segments, and 5-ply, having 2-mm. and 6-mm. 
tested. The 
these negatives and those for the static case are in- 
Table I. 


significant difference between strain measurements, 


segments, were statistical results of 


cluded in 


Statistical analysis showed a 


segment to segment, but no significant difference 


between observers or negatives, as exemplified by 


Figure 13. 

Thus even though the impacted yarn was viewed 
at different angles, photographed through different 
camera systems, and the strain measured by different 


TABLE I. Analysis of Variance 


Description of test Source 


lotal 
Segments 
Angles 
Remainder 


Static— 210/34/0.6 turns/in 


2-mm. segments S-19 


1080/5/210/34/3 
turns/in 


lotal 
Segments 
\ngles 
Remainder 


Stati 


2-mm. segments 5-16 


Shot Potal 
Segments 


Observers 


34/0.6/3 
2-mm. segments A-306 


one negative-—210 
turns/in 


Remainder 


1080 /5/210/34 


2-mm 


lotal 
segments 
Observers 


3 turns/in 
segments 987 


Remainder 
two negatives —210/34/3 


~t 2-mm. segments 


Shot 


turns/in 
\-370 


Total 
Segments 
Observers 
Negatives 
Remainder 


1080 /5/210/34/3 turns/in 
6-mm. segments A-329 


Total 
Segments 
Observers 
Negatives 
Remainder 


* Estimated standard deviation of experimental error. 
t Significant at 1% level. 
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observers, the same variations were present and 
proved statistically significant, segment to segment. 
Investigators in other fields have reported, without 
explanation, the existence of similar high-frequency 
variations in experiments on the transverse impact of 
steel beams [4] and the longitudinal impact of steel 
columns [8]. The investigators conclude that there 
appear to be equivalent high-frequency variations of 
strain superimposed upon the outward-moving tran- 


sient strain distribution. 


Discussion 


Some explanation of the term “rate of straining” 
as related to the velocity of impact is necessary. As 
long as the velocity of impact is sufficiently slow 
(10 m./sec.), such that the local strain along the 
specimen closely approximates the average strain, 
the general term “rate of straining’’ has significance. 


Static and Impact Tests, Nylon Yarn, Type 300 


\nalysis of variance 


Mean 


squares 


Sum of 


squares 


Degrees of 
freedom 


52.64 
10.38 

0.06 
42.20 


168.66 
28.02 
4.93 
135.71 
97.40 
69.15 
0.04 
28.21 


4.90+ 


506.04 
421.61 
0.14 

84.29 


9.99 


351.68 
166.44 
0.04 
0.48 
184.72 


72.98 
45.15 
0.03 
0.65 


27.15 


0.69 


t Negatives of very poor quality, used to test worst possible case of negatives and observer error. 





420 


However, when the magnitude of the strain pulse 
becomes larger, the local rate of straining becomes 
independent of the specimen length and more de- 
Thus, 
in the experiments described here, the local rate of 


pendent on the form of the strain wave front. 


straining approaches infinity at the instant of im- 
pact and continually decreases for segments farther 


from the point of impact. The term “nominal rate 


of straining’ used in this work is related to the 


concept of maximum strain attained in a specimen 


Thus, at a 
transverse impact of 500 ft./sec., the “nominal rate 


during an arbitrary time of 10 psec. 


of straining” is 2% strain in 10 psec. or 2 X 10° 


( 


c/sec. The time period of 10 psec. is the same as 
that used in connection with the transverse critical 
velocity. 

Several impact studies on yarns and wires have 
been reported in the literature. Since the impact 
velocities reported are much lower than those used 
in this study, any comparisons must be made with 
caution. However, two phases of work have suffi- 
cient literature background to warrant their mention. 

Studies on the effects of wave propagation on 
strains and breaking loads started with J. Hopkinson 
|7| and B. Hopkinson [6]; their work was sum- 
Taylor [21]. 


and von Karman [23] independently developed the 


marized by G. I. Later, Taylor [22 
concept of the plastic strain wave, to predict the 
impact behavior in plastic materials where the dy- 
namic modulus continually decreased and approached 
zero in the plastic region. They were able to derive 
a theoretical transient strain distribution prior to re- 
flection. The theory was verified in part by Duwez 
[3], although his measurements were made on the 
residual plastic strain in copper wire, complicated by 
the method of unloading the stress in the specimen. 
A concave upward strain-position curve was obtained 
for plastic materials by the analysis of von Karman. 
The measured strain-position distributions obtained 
for nylon are concave downward, The significance 
of this curvature in the transient strain distribution 
is discussed in the second part of this study [13]. 

A second area covered in the literature is that of 
experiments at lower impact velocities with theories 


(10, 20] 


measured the displacement of a load on one end of 


assuming Hookean behavior. Schiefer 
a yarn impacted longitudinally at the other end. 
With impact velocities up to 300 ft./sec., and by 


use of the average strain in the specimen, his ex- 
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periments gave a mean rate of straining of 4000% 


sec. The implicit assumption was that the strain 
traveled with constant velocity 
tude and was totally reflected. Schiefer [15] re- 


ported the strain wave velocity for nylon as 2200 


and constant ampli- 


m./sec. This value is considerably lower than the 
value reported here and in experiments on the dy- 


namic modulus [1, 2,9]. Smith [16] has presented 
an analysis of the form of the reflected strain wave 
assuming Hookean behavior for the longitudinal case, 
similar to the technique of Hopkinson. Smith has 
also reported his analysis of the transverse impact 
behavior of textile yarns, again using the reflected 
Stud- 
ies similar to those reported here were sponsored by 
The 


unclassified portions will be discussed in a subse- 


small strain pulse and Hookean response [17]. 
the Navy at Fabric Research Laboratories. 


quent paper. 

The assumption of Hookean behavior in view of 
the dat 
limitation on the interpretation of textile materials. 


presented in this study presents a serious 


This is particularly true since textile fiber materials 
generally have nonlinear stress-strain response and 
are quite sensitive to changes in rates of straining. 
One immediate experimental difficulty is whether the 
strain wave velocity of the reflected wave is equal to 
the original strain wave velocity (C) as the strain 
in the specimen increases. If the material is Hookean 
in behavior, the velocities of reflected strain pulses 
will be equal. If the material is not Hookean in 
behavior, these strain wave velocities at various strain 
levels will not be equal, and analysis of the reflection 
This 


raises serious doubt concerning the use of the aver- 


of the strain pulse becomes extremely difficult. 


age strain in the specimens in lieu of the local strain 
It would 
appear that the use of the reflected strain technique 


at the point of application of the stress. 


for determining impact performance must be care- 


fully substantiated by measurements of the local 
strain wave velocity at various levels of strain or 
accurate determination of the strain-position relation- 


ship for reflected waves. 


Conclusions 


The experimental data have presented accurate 
transient strain-position distributions for textile ma- 
terials at very high rates of straining. The experi- 
mental techniques have made possible the inertialess 


determination of: 
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1. The strain wave front velocity (which for nylon 
is constant at all impact velocities, thus is a property 
of the material ). 

2. The transverse wave front velocity which is 
directly related to the impact velocity and, for nylon, 
has a constant value for any given striking velocity 
prior to arrival of the reflected strain wave. 

3. The transient strain-position distributions in the 
yarn prior to reflections of the strain wave front. 

The experimental data indicate the strain-position 
distribution form for nylon changes with increasing 
time after impact (for a given striking velocity). 
The strain wave front becomes more attenuated but 
the level of strain at the vicinity of the projectile 
remains constant. The form of the strain-position 
distribution changes with different striking velocities, 
departing more and more from the square wave form 
with increasing striking velocity and increasing 
strains in the material. The distributions indicate 
that the assumption of Hookean behavior in nylon is 
not valid at these high rates of straining. 

Effort will be made in the next part of this study 
to explain the significance of the experimental results, 
with mention of the published theories. The pres- 
ence of variations in the strain-position distribution 
has been noted and extensively examined. To the 
authors’ satisfaction, they are real, although their 
origin has not been explained. 
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Part II: Stress-Strain Curves from Strain-Position Distributions 


D. R. Petterson and G. M. Stewart 


Introduction 


Previous studies of body-armour materials indi- 
cated that significant improvements required a fun- 
damental understanding of the dynamic behavior of 
the yarns making up the cloth [9, 14, 16, 26]. A 
study of the dynamics of energy absorption under 
transverse impact was initiated and certain phases 
of the work have been reported. 

Part I [14, 16] provided a description of the range 
and the electronic photographic and yarn-preparation 
equipment [14, 26], described the procedures for 
measuring the photographs and determining the elon- 
gation as a function of position from the point of 
impact [14, 16], and detailed the transient strain- 
position distributions before reflection in nylon yarns 
impacted transversely. The results indicate that the 
strain-position distributions are not of “square wave” 
form associated with Hookian behavior and that they 
are dependent upon the time after impact and the 
impacting velocity. This earlier paper also gave a 
brief discussion of previous impact studies although 
at much lower rates of straining. 

Employing these data on instantaneous local strain 
distributions, this paper presents a preliminary math- 
ematical treatment of the experimental data in an 
effort to determine a dynamic stress-strain relation- 
ship in textile yarns as the time to break approaches 


zero. 





Strain vs. Strain-Velocity Distributions 


Measurements of the type previously reported | 14, 
16] give local strain (elongation) vs. the distance 
from the point of impact prior to any reflection. 
Data were reported for several times after impact 
and for a number of striking velocities. Figure 1 
represents several smooth strain distributions for a 
given striking velocity at different times after im- 
pact.'. With longer times, the slope at the strain- 
wave front decreases, While the level of strain in the 
vicinity of the projectile remains approximately 
constant. 

Consider a line of uniform strain, such as « in 
Figure 1. The distance of the locus of this strain 
(e,) from the line of fire is indicated X,, X., X,, 
and X,. 


priate times after impact, show the velocity of the 


These distances, divided by their appro- 


locus of this strain, e;, to be a constant. Thus a 


transient strain of a particular value in a yarn can 
be characterized as a function of the velocity of the 
locus of that strain, «/t, yielding one functional rela- 
tionship for each striking velocity.* 


1 The authors have concluded previously that the “varia- 
tions” in local strain about the average value are real [14, 
16]. However, they feel that information can be 
gained by considering the “smooth” curves, as in this paper. 

2 Although this concept was proposed by von Karman 
[20], doubt exists concerning the physical significance of a 
“strain velocity” for various levels of strain. 


basic 


Physically, i 
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Fig. 1. Strain versus position 
along yarn; smooth strain distri- 
butions at four times after impact. 
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Fig. 2. Strain versus strain veloc- 
ity, +/t, for one striking velocity. 


STRAIN, £,% 


The data replotted in Figure 2 as strain versus 
x/t (strain velocity) show that the curves coincide 
sufficiently to suggest one functional relationship. 
In Figure 2, the strains in the vicinity of the pro- 
jectile have been extrapolated to the line of fire as 
smooth curves, and these maximum values of strain 
do not appear to change significantly in any consistent 


order with various times after impact. The variation 


of the strain-wave velocity, C (where C is defined as 
the limiting value of +/t as « approaches zero) is 
due primarily to the selection of the proper smooth 
curve intersecting the position axis. The values of 
C at various impact velocities are averaged to obtain 
a mean value of the strain-wave velocity, which for 
both Type 300 and Type 700 nylon appears to be the 
same (2700 m./sec.). 


2 indicates the average of the four curves. 


The dashed curve in Figure 


Figure 3 is a plot of strain versus strain velocity 
for various striking velocities, where the average 
curves at each velocity level have been uniformly 
expanded or contracted to place the wave front at 
the mean strain-wave velocity C. Each of the four 
lower curves represents the average of a number of 
shots and is identified by its average striking veloc- 
ity. The small circles indicate the velocity of the 


would be more nearly correct to characterize the strain at 
a particular position and time by a strain-time distribution, 
but no equivalent data are available at present. Experi- 
mental techniques are under development for determination 
of strain-position-time relationships and will be reported 
later. 
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Fig. 3. Strain versus strain velocity, x/t, for four 


striking velocities. 


front of the transverse wave. It is apparent that 
while the strain versus strain-velocity distribution at 
a given striking velocity is independent of the time 


after impact, the distributions are not independent of 
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Fig. 4. Strain velocity, +/t, m./sec. 
the striking velocity and thus are not independent 
of the speed of the test. 

If the material acted independently of rate effects, 
the locus of a particular strain, ¢, would have one 
and only one velocity of propagation, and a curve of 
strain versus strain velocity would be as shown in 
Figure 4. The heavy line in Figure 4+ would then be 
that portion of the strain versus strain-velocity dis- 
tribution up to the highest striking velocity for which 
data could be obtained. A complete curve would con- 
tinue to the strain axis, the intersection giving “im- 
Such a curve, marked TCV 
in Figure 4, would be generated by a striking velocity 


mediate rupture strain.” 


high enough to bring the strain in the vicinity of 


the projectile to “immediate rupture strain,” thus 
causing instantaneous failure of the yarn. 

A similar curve should exist for the time-dependent 
Neither 


curve can be obtained experimentally since, when the 


case, as shown in Figure 3 and labeled TCV. 


“rupture strain” is reached, the yarn fails and no 
strain distribution can be measured. 

The average strain, €, can be calculated for a given 
striking velocity, since it is dependent only upon the 
striking velocity, l’,, the velocity of the transverse 
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Fig. 5. 


Maximum strain near the projectile versus 
striking velocity. 


wave, U, and the strain-wave velocity, C, as re- 
lated by 


VU? + V2—U 


(1) 
C 


In the time-independent case, Figure 4, the strain 
values in the plateau behind the strain front are those 
necessary for continuity of the yarn. 

Since only transient phenomena prior to reflection 
are considered, low striking velocities give maximum 
strains less than the breaking strain of the material, 
and it would be possible to produce a stress-strain 
curve only up to the particular maximum strain 
associated with that striking velocity. To develop 
an entire stress-strain curve, the strain versus strain- 
velocity distribution must be known at a velocity 
necessary to produce an immediate rupture strain. 
This velocity, the Transverse Critical Velocity, is 
the impact velocity at which the material fails at or 
within 10 psec. after impact.* The Transverse Criti- 
cal Velocity is determined, experimentally by firing 
a number of shots at the yarn over a range of veloci- 
ties near the TCV and plotting time to rupture versus 
striking velocity. In the case of nylon yarn (Type 
300), the TCV is 1,900 ft./sec., +50 ft./sec. This 
gives a “nominal rate of straining” of 1.5 x 10°% 

In theory, the Transverse Critical Velocity (TCV) 
would be that velocity at which the yarn fails instantaneously. 


Experimental difficulties prohibit such determinations and 
thus the practical definition above has been adopted. 
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sec., defined as the maximum strain attained (15% ) 
divided by the critical time of 10 psec. 

To determine the form of the strain versus strain- 
velocity curve at the TCV, a relationship must be 
established between the strain 


strain, «, and the 


velocity, «/t, for various striking velocities, I’,. 
This has been done empirically, yielding an equation 
of modified exponential form 

= [1 — exp-*-z/eo 7] (2) 
=~ exp 
where ¢ is the strain in percent at a particular value 
of «/t, «, is the maximum strain at the projectile, k 
is a dimensionless curve-fitting constant, .1/ft is the 
strain velocity, and C the strain-wave velocity in 
m./sec. The value of ¢, is determined experimen- 
tally, and the proper value of & to fit a given strain- 
strain-velocity distribution determined empirically. 
The crosses along the heavy curve in Figure 2 indi- 
cate fitted points. By determination of the relation- 
ship between ¢«, and l’,, and the curve-fitting constant 
k versus l’,, specific values of «, and k can be pre- 
dicted at the Transverse Critical Velocity. 

Figure 5 is a plot of the maximum strain ¢, versus 
This 
relationship is a straight line for nylon, and gives 
a rupture strain of 15-16% at the TCV. 


is a plot of k versus I’,, again both log,,,. 


the striking velocity, /’,, both plotted as log,,,. 


Figure 6 
The rela- 
tionship for nylon is again a straight line and, at the 
TCV, k is 1.6. 


with the strain-wave velocity, C, permit prediction of 


These values of k and «¢,, together 


the strain versus strain-velocity distribution at the 
TCV ; see Figure 3. 
Theoretical Development 


The 
closely that given by von Karman | 30]. 


following theoretical development follows 
While von 
Karman’s solution for plastic materials has two solu- 
tions, the solution obtained here with the use of 
Equation 2 is univalued, as shown later in Equation 
7. The authors do not claim that this development 
treats all of the factors involved in a transverse im- 
pact. However, we did hold two pieces of informa- 
tion which we felt were unique. The first was the 
knowledge of accurate instantaneous strain vs. strain- 
velocity distributions at high impact speeds, and the 
second was the ability to predict the strain vs. strain- 
velocity distribution at the Transverse Critical Ve- 
locity. It 


attempt the development of a dynamic stress-strain 


was this information which led us to 
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curve for these materials based upon the simplest 
nonelastic theory—that of von Karman and Taylor. 
Consider that the unbalance of force on an element, 
dx, is equal only to the force of acceleration on that 
element. Then the differential equation of Laplace 
in one dimension is 
ae dx = “e s dx (3) 
where « represents the displacement of a particle, + 
the position of a particle from the point of impact 
in Lagrangian coordinates, and p the density in grams 
Since « 


per cubic centimeter. = du/dx 


pom _ de au “4 
ol- de Ox- 
A simple solution of this equation can be made if 
stress is assumed to be a single-valued function of 
the strain, e, and independent of the rate of strain. 
Thus 


do do 


de de 


Ou E; 0°u 


or ’ p Ox" 
With our empirical expression for strain, integration 
of Equation 2 yields 
€0 


-_ fct- —- kl saad oa | ~_ * 
u one ‘) et! exp | c 
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Fig. 6. Curve fitting constant, k, 


versus striking velocity. 
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Substitution of partial derivatives into Equation 5 
vields 


(7) 


Thus, the instantaneous modulus, Fj, is equal to the 
density times the strain velocity of that particular 
strain squared. The strain velocities of the various 
strain levels of Figure 3 are converted to instan- 
taneous moduli. These moduli, when plotted versus 


strain and the area graphically integrated, give 


stress-strain relationships. In Figure 7, the stress— 
strain curves have been computed for the four ex- 
perimental velocity levels at which strain versus 
strain-velocity distributions have been determined. 
The heavy curve labeled TCV is the predicted dy- 
namic stress-strain relationship of nylon at the 
Transverse Critical Velocity, determined from Equa 
tions 2 and 7 
and k, 


Instron tester at 40% 


with the extrapolated values of « 
A portion of a static curve obtained on an 
min. is included as reference. 

As pointed out before, it is impossible at lower 
velocity levels to determine the complete form of the 
strain 


stress-strain curve for the material without 
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wave reflections, since the maximum strain at 500 


ft./sec. is in the order of 2% and the material will 
not fail in a reasonable time without multiple re- 
flections of the strain wave. This method presents 
a theoretical form of a dynamic stress-strain curve 
of nylon at the TCV, or at a “nominal rate of 
straining” of 1.54 x 10°%/sec. 

The circles on the TCV curve in Figure 7 indi- 
cate the maximum stress and strain which would 
have been obtained were the material rate-independ- 
ent. The stress levels are the same for the various 
striking velocities, but larger maximum strains are 
observed in the strain rate-dependent case. 

The maximum stress developed dynamically by 
this technique is considerably lower than the break- 
ing stress in the static case. The elongation to break 
does not decrease significantly under dynamic condi- 
tions. These conclusions are in opposition to those 
previously stated by other observers |10, 21], who 
with high-speed tests have predicted that the break- 
ing stress will increase while the breaking strain de- 
The 
highest average rate of straining (maximum strain 


creases with the increasing rates of loading. 


divided by time to rupture) involved in these pre- 
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vious tests is in the order of 4000%/sec., and the 
dynamic data presented here are in the order of 
10°—-10°% /sec. 

A check on the stress in the yarn at the transverse 
wave point can be made by consideration of conser- 
vation of 


momentum. Several investigators have 


solved this problem [4, 20], and one form gives 
the tension as 


(8) 


the trans- 
verse wave velocity, ’, the striking velocity, and « 


where m is the mass per unit length, U 


For the 
TCV of nylon, this gives the tension at the trans- 


the strain at the transverse wave front. 
verse wave as 64 < 10° dynes/sq. em., which its in 
the 61 x 10° 


given by the dynamic stress-strain curve. 


close agreement with dynes/sq. em. 


By use of the same procedure, a dynamic stress 
strain curve has been developed for Dacron,‘ Type 


5900. 


strain versus strain velocity for four striking veloci- 


Figure 8 gives the experimental curves of 
ties. The experimental TCV for Dacron is 1450 
Ve Figure 6, yields a value of 0.9 for k at the TCV. 
The relationship for «, versus 


The relationship for k versus 


Figure 5, becomes 
linear when plotted semilogarithmically, and ¢, equals 
10.5% at the TCV. 


curve for Dacron can then be computed at the Trans- 


The strain versus strain-velocity 
verse Critical Velocity. Following the same proce- 
dure as for nylon yields the dynamic stress-strain 
curve for Dacron, Figure 9. Only the stress—strain 
curve at the TCV has been plotted; both the static 
and dynamic curves for nylon have been included for 
comparison. Again the dynamic breaking stress has 
decreased, but the dynamic breaking strain has re- 
mained approximately constant. 


Discussion of Method 


Early studies on wave propagation have assumed 
that all strains traveled with the same velocity, or 
that the strain-strain velocity distribution was rec- 
Von Karman [30] and others |18, 28] 


proposed that for a material which exhibited plastic 


tangular. 


deformation, for example ductile copper wire, two 
waves could exist: one, elastic, corresponding to the 
initial modulus of the material and a second, much 
slower, plastic wave corresponding to the slope of 


the stress-strain curve in the plastic region. He 


*Du Pont trademark. 
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Dynamic stress-strain relationship for nylon 
and Dacron 


predicted from the static curve of ductile copper wire 
that this 
Curve B in Figure 10A. 


distribution of strain would appear as 
This was later confirmed 
[3], although the measurements were made on the 
residual plastic strain. 

Several types of strain versus strain-velocity dis- 
tributions might be expected. Curve A in Figure 
Curve 


C corresponds to the results found in nylon, and 


10A represents the “square-wave” hypothesis. 


These 
are plotted with the same strain-wave velocity and 


Curve D is a linearly decreasing function. 


with equal areas, i.e., equal average strain, implying 
approximately the same striking velocity (the Trans- 
verse Wave Velocity U will not be constant). Fig- 
ure 10B then shows the form of the stress-strain 
curves which would give rise to these particular 
The 


from a 


strain versus strain-velocity distributions. 


square-wave distribution A would result 
perfectly Hookian material where the modulus is 
constant. Curve C, the distribution for nylon, would 
be obtained from a gently curving relationship C for 
stress versus strain. A ductile material of the von 
Karman type would have a stress-strain curve show- 


ing a plastic region, B. The straight-line relation- 
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ship, D, would result in a cubic equation relating 
stress and strain. 

The square-wave case, A, requires that k approach 
positive infinity. For the strain versus strain-velocity 
All materials 


which lie between A and D have positive k values. 


straight line, D, k approaches zero. 


Materials which show plasticity, B, have negative k 
values. 

It is interesting to note that preliminary tests on 
Orlon,* which has a static stress-strain curve having 
a relatively sharp yield point (similar to B in Figure 
10), have given strain versus strain-velocity distri- 
butions of the von Karman type. The handling of 
the data for such materials has not been fully re- 
solved, and further work on materials of this type has 
been deferred for the present time. In cases where 
k is positive, a dynamic stress-strain curve can be 
determined for those materials whose strain versus 
strain-velocity distributions lie above the straight 
line D and approach the square wave in form. 

Figure 11A shows strain versus strain-velocity 
curves for nylon and Dacron at the transverse criti- 
cal velocity and two curves for hypothetical or theo- 
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retical materials. Curve A represents a material 


approaching “square-wave” form with a k of ap- 
Theoretical B in Figure 11A might 
arise from the modulus versus strain relationship in- 
dicated in Figure 11B and the stress-strain curve in 
Figure 12, under the assumptions of quasi-plastic 
shock waves as investigated by White [31] and Lee 
| 6}. 
stress as a function of strain is satisfactory only if 
the modulus is a continually decreasing function of 
strain. 


proximately 5. 


The procedure utilized here for determining 


If the stress-strain relationship is not convex 
towards increasing stress, the strain versus strain- 
shock-wave 
It might prove possible to determine 
the form of the strain versus strain-velocity distribu- 
tion and the modulus versus strain relationship from 


velocity curve becomes a function of 


phenomena. 


a dynamic stress-strain curve such as Theoretical B 
in Figure 12, but the reverse may not be true. 

This places a limitation upon the method described 
unless there is assurance that the modulus versus 
stress-strain relationship is monotonically decreas- 
ing. 
this category, it is questionable whether the dynamic 


Since nylon, in static tests, does not fall in 
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stress-strain curve obtained for nylon is any more 
than an approximation. This is an important ques- 
tion for future theoretical treatment ; i.e., to develop 
a procedure for handling the case where the slope of 
the stress-strain curve does not uniformly decrease 
with increasing strain. 

The procedures described are not limited to trans- 
verse impact, since an expression for particle dis- 
placement can be obtained. Assume the impact of 
the yarn to be longitudinal, that is, along the axis of 
the yarn, where the position x of a particle is meas- 
ured from the point of impact. Then the partial 
derivative of Equation 6 with respect to time evalu- 
ated at +/t = 0 will give the equivalent longitudinal 
impact velocity 


, Ou 1 1 
| = (‘ ) 0 ; ad 9 
Pies , i-exp* k ”) 


When «, = 15%, indicated as the rupture strain for 
nylon by the Transverse Critical Velocity, the longi- 
tudinal critical velocity is 245 m./sec., which agrees 
well with the value of 228 m./sec. given by Schiefer 
[19]. 

Ixquation 2 can also be used to predict the strain— 
time distributions at particular positions from the 


point of impact. The small amount of experimental 


data obtained to date indicates good prediction of 
these distributions. 


An experimental procedure for 
obtaining strain—position-time distributions on the 
single yarn is being improved and will be the subject 
of a separate report. Information of this type should 
answer a number of questions concerning the be- 
havior of the material and perhaps suggest the ap- 
propriate mechanical model for a general mathemati- 
cal solution to this problem. This in turn may pro- 
vide a physical explanation for the curve-fitting 
constant, k, which has proved so valuable in the 
empirical handling of the data. 


General Discussion 


The method described in this report presents a pro- 
cedure for determining a dynamic stress-strain curve 
for textile yarns at maximum rates of straining on 
minimum breaking times. It is based on the ability 
to predict the strain-strain velocity distribution at 
the TCV, whether the material is or is not rate- 
dependent. 

Unfortunately, the method does not provide a 
means for determining an equivalent stress—strain 
curve to rupture at velocities of impact less than the 





Theoretical A 


Theoretical B 


STRESS, 6, gm/denier 


10 
STRAIN, E&, % 


Fig. 12. 


Dynamic stress-strain relationship for nylon, 
Dacron, and two theoretical materials. 


TCV or at rates of straining intermediate between 
previous data and these ballistic rates. 

Experimental investigations at high impact veloci- 
ties are incomplete. The majority of published work 
in this field has been limited to small strains, to re- 
The 


published experimental investigations dealing with 


flected waves, or to theoretical considerations. 


strains up to the breaking strain are of three types 
and will be discussed separately. 

The first of these methods, by Schiefer et al. [8, 
22, 27], measured the acceleration of a load on the 
end of the yarn impacted longitudinally on the other 
end at impact velocities up to 250 ft./sec. By deter- 
mining the force at the end of the specimen (by 
double graphical integration of the displacement 
curve) and the average strain in the specimen, he 
was able to plot stress—strain relationships to rupture 
Cer- 


tain experimental limitations, together with severe 


at an average rate of straining of 4000% /sec. 


analytical problems, caused abandonment of this 
approach. 

In continuing this work, Smith et al. |23, 24, 25] 
have determined the stress-strain relationship for 
yarns impacted their 


transversely at midpoint. 
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Changes in the velocity of the transverse wave front 
upon reflections of both the strain wave front and 
the transverse wave front allow calculations of ten- 
sion by methods similar to Equation 8. The strain 
at the transverse wave front is taken as the average 
strain in the specimen. They report that, for average 
rates of straining of 5000% /sec., the breaking stress 
increases slightly and the breaking elongation de- 
creases slightly, conclusions similar to those reached 
by Meredith [10]. 

The work by Schiefer and Smith, carried out con- 
currently with this study, although published pre- 
viously, provides the best available technique for 
characterization of a dynamic stress-strain curve at 
low impact speeds. However, the method appears 
limited to low velocities of impact, since the strain 
pulses must remain small to permit the use of 
“square-wave” analysis and the average strain for 
local strain. 

Fabric Research Laboratories have conducted in- 
vestigations similar to those reported in Part I. 
The work was sponsored by the Navy, and their 
reports are classified. However, certain portions of 
the work were reported at The Fiber Society meeting 
in September 1956. While their investigations on 
this particular subject were not extensive, the same 
general conclusions of lowered dynamic rupture 
stress and equivalent rupture strain were reached. 

At present, a large gap exists in our information 
between rates of straining of 10° and 10° %/sec. 
Further, the two testing techniques are not the same, 
and do not give the same strain-time increment his- 
tory. Perhaps more serious is the fact that neither 
method corresponds to the two standard techniques 
for measuring static stress-strain response : constant 
rate of straining or constant rate of loading. <A 
device for producing constant rate of straining in 
longitudinal impact requires constant acceleration, 
In addition, the test must be 
run to completion prior to strain-wave reflection. 


not constant velocity. 


Some mention should be made of the limitations 
Yarn structure 
has been assumed of small importance in the analysis 


and assumptions of this technique. 


compared to the major variables. The problems of 


yarn bending at the transverse wave and possible 


coupling effects between longitudinal and transverse 
motion have been handled by using the analytical 
Ob- 
viously, this is not a complete answer, but it appears 


method only up to the transverse wave front. 


to be a practical one. 


TEXTILE RESEARCH JOURNAL 


This same restriction also eliminates consideration 
of the air drag on the yarn. The effect of air drag 
at velocities less than the TCV is quite real, as shown 
by Morgan [11]. At the TCV, the length of yarn 
in transverse motion is so small that the drag-induced 
tension has been ignored. However, it is quite pos- 
sible that air drag, together with shear at the pro- 
jectile, explains yarn ruptures at short times after 
impact (20-40 sec.) for velocities considerably below 
the TCV. 


stress are also possible explanations. 


Stress relaxation and continued constant 
This phase of 
the problem is quite complex, and has not been 
considered. 

Mention should be made of the large number of 
theoretical studies published. Unfortunately most 
solutions have been in terms of stresses related to 
various other parameters. The experimental method 
discussed gives strains related to different parameters. 
The authors have not been free to attempt a com- 
parison in either direction to provide either a theo- 
retical justification for their conclusion or an experi- 
mental verification of any of a number of theories. 
The studies are noted briefly for purpose of general 
reference. 

Taylor [29] and Lee [7] have considered the 
transverse-impact problem, as has Huth [1]. Craggs 
[2] has discussed the problem for plastic-elastic 
strings with reflections. Ringleb [17] has consid- 
ered oblique impacts. Lee and Kantner [5] have 
considered wave propagation in elastic and Maxwell 
materials. Zverev |32] considered the impact of a 
semi-infinite bar of a Voigt material. Morrison 
[12, 13] has expanded this work to three- and four- 
parameter models of viscoelastic materials. 


Conclusions 


A technique has been presented for obtaining a 
dynamic stress-strain relationship for textile yarns 
The 


procedure, while lengthy, provides the only available 


at rates of straining approaching 10° % /sec. 
information at these rates. A semi-empirical analysis 
has been used, with certain assumptions as to impact 
behavior. The plastic wave analysis of von Karman 
has proven useful in this technique. Results have 
been given for nylon and Dacron yarns and predic- 
tions made about the probable behavior of other 
textile materials. 

Certain parameters of textile materials appear to 
contribute to higher transverse critical velocities, and 


thus, it is hoped, to a higher ballistic protection value 
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for body armour. Of first importance is a high in- 
itial modulus, or strain-wave velocity, insuring maxi- 
time 
A high k value is important, 


mum involvement of material in the same 
interval after impact. 
such that the ratio of the maximum strain near the 
projectile «, and the average strain in the yarn é 
approaches 1. 

A high value of k dictates small curvature of the 
stress-strain curve and, with the practical limitation 
of available tensile rupture stress, tends to exclude 
those materials with large breaking strains. Thus, 
curves such as theoretical B in Figure 12 would prove 
of value since they would possess high moduli at 


relatively large strains. A reversal in the stress— 


strain curve might prove necessary in obtaining a 


good ballistic material. 

Several other materials are under study and will 
be reported later. The analysis presented has been 
related superficially to the performance of the yarn 
in a panel for body-armour use. Additional work is 
in progress on the importance of the Transverse 
Critical Velocity in the prediction of the ballistic 
protection of body-armour materials from individual 
yarn tests. 
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Abstract 


The increase in electrical conductivity of keratin fibers after the application of an 
abrupt change of the relative humidity from 0—90% RH has been examined as a 


function of time. 


A comparison of these results with regain vs. time, for the same 


experimental conditions, indicates that the water inside a fiber is not initially in a 


state which facilitates conduction. 


It is proposed that the slow rise of conductivity is due 


to the formation of a hydrogen bonded network which allows the passage of protons 
under the influence of the applied electric field. 


Introduction 


It has been shown by all those who have worked 
on the electrical conduction of keratin that the mois- 
ture content or regain is of paramount importance. 
Marsh and Earp [11] made the observation that the 
conductivity attains an equilibrium value several 
days after the equilibrium regain has been reached. 
They also reported hour-to-hour fluctuations in re- 


sistance which they attributed to some internal proc- 


ess of readjustment within the fiber affecting the 
distribution of water. Sharman, Hersh, and Mont- 
gomery [13] found that the conductivity of nylon 
increased with conditioning time even though the 
regain was constant. 

This 
experiments designed to investigate the above effects 
in keratin fibers. 


paper presents the results of a series of 


Experimental Procedure 


The single fibers used in the experiments were 
obtained from pen-grown Corriedale or pen-grown 
Merino wool. The diameters of the fibers, measured 
microscopically in distilled water, were 50,» for the 
Corriedale and 22, for the Merino. All fibers were 
cleaned by several changes of cold petroleum ether 
and ethyl alcohol, then many changes of tin-distilled 
water. The ash content after the cleaning treatment 
was ~0.01% for the Corriedale and ~ 0.002% for 
the Merino fibers. Resistance measurements were 
made by use of an apparatus which has already been 
described [1], consisting of an electrometer attached 
to a potentiometric recorder. The fiber was con- 


tained in a small enclosure which could be rapidly 


coupled into a system circulating air at 0% RH or 
RH. 
maintained at 35° C. 
by an air thermostat placed in a tempera- 


into a similar system circulating air at 90% 
The whole 
+ 0.02 


ture-controlled room. 


apparatus was 
The regain of a small bundle 
of similar fibers was measured by Watt [14] by 
both 
regain and resistance experiments an abrupt change 
0 — 90% 
surrounding the fiber. 


suspending them from a quartz spring. In 


from RH was made in the atmosphere 

In order to achieve a low enough value of electrical 
resistance, the length of the 50-» diameter fibers was 
2 mm., while in the case of the 22-p diameter fibers, 
4 fibers 2 mm. long spaced approximately 3 mm. 
apart were used. 

A voltage of 67.5 volts was applied to the fibers 
continuously while the resistance was changing rap- 
idly, but for the later periods of the experiment the 
voltage was applied only when a reading was being 
taken, since it was found that, although the fiber 
resistance was ohmic (Figure 1), changes in the 


Fig. 1. 


Current vs. voltage for a Corriedale fiber at 90% 
RH, 20° C. 
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resistance (Figure 2) occurred if the voltage was 
applied for a sufficiently long time. A similar time 
dependence has been observed by Hearle [8]. 

The standard resistors used in the experiments 
were either 10" or 10'*2 and the electrodes were 
made of brass. 


Results and Discussion 


When an abrupt increase is made in the relative 


humidity of the atmosphere surrounding a wool fiber, 


our results (Figure 3) show that the increase of 
conductivity is a very slow process in relation to the 
increase of regain. In Figure 4 a comparison is 
made between the regain vs. time curves as obtained 
by a weighing experiment and the equivalent regain 
vs. time curves calculated from the results in Figure 
3 and King and Medley’s data for conductance vs. 
regain. 

At 10 min. after the relative humidity change has 
been made the equilibrium regain has been reached, 
while the conductivity is still a decade from its equi- 
librium value. 

A similar slow build-up process which occurs at 
the same rate as the conductivity increase has been 
observed by Mackay and Downes [10] in the in- 
crease in rigidity of a Merino wool fiber following 
a rapid large change of relative humidity. 

Feughelman [7] has proposed that the build-up 
of rigidity is due to the formation of interchain 
hydrogen bonds via water molecules, the water mole- 
cules eventually becoming associated in an icelike 
state. Such a network would facilitate conduction 
by translation of protons along hydrogen bonds by a 
similar mechanism to that put forward by Bjerrum 
[5] for conductivity in ice. 

There is not sufficient data available at present 
for a decision to be made about what is occurring 


Fig. 4. Comparison between: 
(dashed line) regain vs. time cal- 
culated from the resistance changes 
similar to Figure 3, and (full line) 
regain vs. time determined by grav- 
imetric methods. Both for Merino 
fiber after step change from 0— 
90% RH at 35° C. 
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in the later period of the conductivity build-up, i.e. 
the period from 100 min. onwards. The rigidity 
build-up process has been observed only for a period 
of 100 min., so we can not obtain corroborative evi- 
dence for hydrogen-bond formation from the rigidity 


Con- 


sequently it is possible that another mechanism may 


experiments for times in excess of 100 min. 


account for the later stages of conductivity increase, 


e.g. a redistribution of water within the fiber as 


Fig. 2. 
volts. 
ae 6¢. 


Resistance changes with time after applying 67.5 
Merino fiber conditioned for 7 days at 90% RH, 


Log resistance vs. log time for Merino fiber after 
step change from 0 90% RH at 35° C. 
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suggested by Sharman, Hersh, and Montgomery 
[13] for the nylon—water system. It has been pro- 
posed by Feughelman [6] that keratin exists in two 
phases and that a redistribution of water can occur 
between these two phases. This redistribution could 
produce the observed slow increase in conductivity. 

Baxter [4] has suggested that the wool—water 
system is a semiconductor in which the water is in 
an oriented state unlike liquid water. He claimed 
that the conduction was by movement of electrons 
that 


process was similar to that of conduction in ice. 


and the activation energy of the conduction 

King and Medley |9], however, have shown that 
the conduction of electricity in keratin is ionic, al- 
though the activation energy of conduction is far 
greater than that for electrolytic conduction in salt- 
water solutions. Furthermore, they found that suf- 
ficient hydrogen was given off when a current was 
passed through a keratin slab to account for 96% of 
the current which had flowed. 

According to King and Medley the ionic conduc- 
tion is caused by the dissociation of salts which are 
present as impurities. Baker and Yager [3], how- 
ever, suggested that for polyamides the conduction 
process was ionic due to the movement of a charged 
atom, probably hydrogen, and Riehl [12] has re- 
cently proposed that conduction in gelatin—water 
systems is due to proton movement, 

Our results are in agreement with this latter con- 
cept; i.e., that the wool—water system is a protonic 
semiconductor. 

The only alternatives to protonic conductivity are 
ionic conductivity through the movement of impurity 
ions or electronic semiconduction. 


RH, 


conductivity of the type which occurs in solutions 


Our results indicate that, even at 90% ionic 
of electrolytes can not form a major part of the con- 
ductivity process, since a few minutes after the 
change in relative humidity is made we have a 
situation in which the keratin fiber has its equilibrium 
regain but does not have its equilibrium conduction. 
One would expect that initially the water would be 
in a less associated state, hence more able to act as 
an electrolyte for electrolytic conduction, 

Electronic semiconduction in keratin at high re- 
gains was not supported by the work of King and 
Medley. 


ultraviolet light had no observable effect on the con- 


Also, Algie and Haly [2] have shown that 
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RH and 20° C. 
provided that isothermal conditions were obtained. 
The activation energy of conduction at 90% RH is 
such that photons of ultraviolet light should have 


ductivity of a wool fiber at 90% 


sufficient energy to release electrons from the kera- 
tin, if it were an electronic semiconductor. 

We can only conclude, therefore, that the con- 
duction process for the wool-water system is pro- 
tonic and dependent upon whether the water is in 
an associated or unassociated state. 


Conclusions 


We have suggested from our results and discus- 
sion that the wool—water system is a protonic semi- 
conductor and that it is very probable that a hydro- 
gen-bonded network has to be formed before con- 
duction can take place. 

Ionic conduction of the electrolytic type has been 
shown to be a minor factor in the conductivity of 
clean wool fibers even for regains near saturation. 
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The Analysis of Variations for Certain Physical 
Properties of Combed Cotton Yarns 


D. S. Hamby, W. C. Stuckey, B. Gast 


School of Textiles, North Carolina State College, Raleigh, North Carolina 


and R. J. Hader 


Institute of Statistics, North Carolina 


Introduction 


For a number of years the faculty and staff of 
the School of Textiles at N. C. State College have 
been asked by the industry to test different textile 
materials and to comment on the resulting quality 
levels. A good portion of these requests involved 
yarn, and a search of the literature did not reveal 


any suitable references to such material. The infor- 


mation was not available because some particular 


references pertained only to a specific topic or be- 
cause the advance in testing techniques has developed 
at such a rate that the literature is not complete on 
some subjects. 

Since this type of information was not available in 
suitable form, it was decided to conduct a study de- 
signed to give information as to the levels of the 
quality measurements normally used in evaluating 
yarns. 

Although every effort was made to collect samples 
that were representative of the combed yarn industry, 
no claims are made by the authors that the results 
represent standards as such for the variables that 
have been measured. 


Materials Studied 


Sixty-one combed yarns, ranging in count from 
16/1 to 120/1, were sampled from 32 different mills. 
For each yarn number 25 spinning bobbins were 
selected at random. In this first study no effort was 
made to separate between-side, between-frame, and 
between-shift variation, 

The mills that participated were selected accord- 
ing to their reputation in the trade. Some mills con- 
sidered to be producing the best yarn in the industry 
Textile 

Quality 


1 Presented at the 
American Society for 
February 1960. 


Division Conference ot the 
Control, Clemson, S. C., 


State College, Raleigh, North Carolina 


were selected and others considered to be producing 
Most 


of the mills, however, were in the so-called average 


some of the lowest quality were also selected. 
quality class. 


Experimental Procedure 


Table I summarizes by type of test the number 
of bobbins, k, and the number of measurements per 
bobbin, n, for each yarn. 

For skein strength measurements, 120-yd. skeins 
were broken on a 150-300 lb. capacity Scott Model J 


tester. All single-end strength measurements were 


TABLE I. Average Values for Results of Analysis 
of Variation of Combed Cotton Yarns 


Average* 


Yarn property n CVo CV, CVu CV, CVysa Dev. 
Skein 


strength, lb. 


Single end 
strength, g. 10 


Yarn number, 
English system 25 
Twist, 
turns/in. 25 4 
Uniformity, %U 10 1 
= Number of bobbins tested for each of the 61 combed 
yarns 
= Number of tests per bobbin 
Percent coefficient of over-all variation 
Percent coefficient of variation between packages 
Percent coefficient of variation within packages 
= Percent coefficient of variation (Range Method) 
= Percent coefficient of variation (Frequency Distribu- 
tion Method) 
Dev. = Percent deviation from specified number 


*Each value for skein strength, yarn number, and twist 
represents 6100 measurements. Each value for single end 


strength represents 12,200 individual measurements. 
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made on the Uster Dynamometer with a speed set- 
ting of 5. 
The 


Suter Direct Numbering Balance using 


Alfred 


skeins 


measured on an 
the 


yarn number was 
from strength determinations. 

The Uster Mean Linear Integrator was used in 
conjunction with a Uster Model B Evenness Tester 


to measure the percent linear deviation. 





Within Packages 





Coefficients of variation for skein strength of 


combed cotton yarns 





| 
+—_i_—_4 4 4. 4 4) 4 dg 


I 16 #17 


Coefficient of Variation, Per Cent 


Fig. 2. Coefficient of variation for single end strength of 
combed cotton yarns. 
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The 10-in. untwist-twist method was used to de- 
termine the twist per inch using the twist tester 
manufactured by the U. S. Testing Company. 


Data Analysis 


The main portion of the data analysis consisted of 
application of the analysis of variance technique to 
study the “between bobbin” and “within bobbin” 
variation for each of the three properties : yarn num- 


ber, skein strength, and twist. A separate analysis 


of variance was performed on each of these proper- 


ties for each of the 61 different yarns. In each case 


The 


general form of the analysis of variance is as follows. 


there were 25 bobbins and 4 tests per bobbin. 


Degrees 
Source of of 


Expe« ted 
mean 
square 


Sum ot 
squares 


Mean 


variation freedom square 


7 


Between bobbins 24 42 (2; — x)? +- 4a)? 


Within bobbins p> 


lotal 9 ZZ 


In this analysis the total variation around the 
grand sum of square deviations from the bobbin 
means, >> > (x,; — x)*, is broken up into two parts, 


the first based on differences of bobbin means from 





Per 


Fig. 3. Coefficients of variation for yarn number of 


combed cotton yarns 
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the grand mean, 4 >> (#; — x)*, and the second a 


pooling of the within bobbin means, > > (x,; — #;)?. 


These sums of squares are then divided by their 
respective degrees of freedom to yield the mean 
squares M, and M,. By statistical theory it may 
be shown that the expected or average value of 
these two mean squares are oa,” + 40,” and o,,” re- 
spectively. The symbol o,, represents the standard 
deviation of the “within bobbin’’ component of 
variation and o, represents the standard deviation 
of the ‘between Once M, 


bobbin" component. 


and 


M, have been calculated numerically, the 


values of a,” and ¢,” are readily found by solving 
the equations 
M, Car 


+ 40,7 


For purposes of presentation of results all values 
of ¢, and o, were converted to coefficients of varia- 
tion by dividing by the mean, x, 
by 100. 


and multiplying 
It was also of interest to combine the two 
components of variation into an over-all coefficient 
of variation which is found from the relation 


CVe CV. + CV,’ 


Fig. 4. Comparison of over-all coefficient of variation for 
yarns spun on the cotton and worsted systems. (Data for 
worsted system yarn courtesy of G. M. Bornet, Ontario 
Research Foundation, Toronto, Canada.) 


These are illustrated by an example shown under 
Sample Calculations. 
bobbin”’ 


The ‘within variance may more con- 


veniently be estimated by the range method using 


Range Method 


Between Package 





Frequency 


Within Package 





Coefficient of Variation, Per Cent 


Fig. 5. 


Distribution of coefficients of variation for tw 
combed cotton yarns 


Pa 


L 


Fig. 6. 


Relationship between skein strength and single end 
strength of combed cotton yarns 
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o = R/d2, where R is the average ‘“‘within bobbin” 
difference between largest and smallest values and 
dy is conversion constant dependent on the number 
of tests within bobbin.2 For 
d_ = 2.059. 

The various coefficients of variation were sub- 


each four tests, 


jected to further study consisting of frequency dis- 
tributions for each type and of attempts to correlate 
the various types with each other and also with 
additional variables such as, for example, the CV» 
for skein strength vs. the coefficient of variation 
for single-end tests. This will be discussed in more 
detail in the next section. 


Results and Discussion 


The difference in level (significant) for the coeffi- 
cients of variations for over-all, between package and 
within package for skein strength are obvious in 


ASTM Manual on Quality Control of Materials, Table 


B2. 


Mean Lin 
SS SS eee ee 


For Combed Yarns 


UL = -0.53%69 + 8.5829 Log & 


| 
4 
| 
| 


2 
€ 
& 
- 
> 
6 
s 


yu 1.172 

Confidence Intervals (951) 
Combed Yarns a © 1.657 - 2.727 
© - Carded Yarns db = 7.233 - 9.933 


4 
w 30 100 





Yarn Number 


Fig. 7. 


Relationship between yarn number and mean linear 
deviation as measured by the Uster integrator. 











Fig. 8. Cumulative distribution for per cent deviation of 
yarn number from specified count of combed cotton yarns. 
A tolerance of 3% is specified by ASTM. 
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The over-all coefficient of variation (CV, ) 
6.0% included the within-bobbin, 
between-spindles, between-sides, and between-frames 


Figure 1. 
averaged and 
variation. The between-package variation (CV) 
averaged 5% which, as would be expected, was 
The within-package 
variation (CV) averaged 3.8%. 


slightly less than the over-all. 
Since the range 
method of calculating the standard deviation is com- 
monly used in quality control work, this method was 
also used in addition to the standard analysis of 
variance technique. As seen in Figure 1, as well 
as other figures, the coefficient of variation based on 
the range method (CIl’,) is in close agreement with 
the Cl’,. 
in this study, the over-all coefficient of variation may 
This 


explained by Enrick [4] and has been in use for 


Although the calculations were not made 


also be estimated from ranges. method is 
a number of years. 

Figure 2 shows the distribution and level for the 
(CV ya) 


were calculated from the 


coefficient of variation of the single-end 


strength. These values 
frequency distribution as accumulated on the Uster 
Dynamometer. Each entry represents the distribu- 
tion of 20 measurements each for 10 bobbins. 

The variation in yarn number is shown in Figure 
3. The Cl’, averaged 2.7% and with the exception 
of one yarn ranged from 0.5% to 4.5%. The Cl’, 
averaged 2.2% and the Cl’, averaged 1.6%. As 
was the case with the skein strength, the Cl’, and 
CV» were in close agreement. Each measurement 
entered in this figure represents 4 measurements 
each from 25 bobbins. 

A comparison is shown in Figure 4 between over- 
for the combed cotton 
The 


details of the worsted yarn study were presented by 


all coefficients of variation 


yarns used in this study and for worsted yarns. 


Jornet [3]; a comparison of the two types of yarns 


cr a 


a & OP a 


Below Count (Coarse Side) Above Count (Fine Side) 


Fig. 9. Percent deviation of actual yarn number from 


specified number for combed cotton yarns. 
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shows a remarkable degree of similarity in this par- 
ticular property. 

Since the original study of yarn number variation 
was not designed to permit a complete analysis of 
the variation in yarn number and strength, subse- 
quent studies [1, 7] were made to determine the mag- 
nitude of the influence of spindles, sides, and frames. 
A summary of these studies is shown in Table II. 
It is interesting to note the close agreement between 
yarn number and strength when comparing the 
sources of variation. 
32% 


between cones. 


Seckwith [2] reported that 


of the variation was within cones and 68% 
The results of this study confirm 


these findings. 


TABLE II. Sources of Variations in Yarn Number and 
Skein Strength for Combed Cotton Yarns 


Percent of total variation 


Yarn number Skein strength 


Source 


Within bobbin 33 34 
Between bobbin 44 47 
Between sides of 

spinning frames 10 
Between frames 13 





Per Cent 


from Specified Number, 


Deviatior 








Yarn Number 


Relationship of yarn number variation and specified 
number for combed cotton yarns. 
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In view of the interrelationship of certain physical 
properties of yarns, the basic data from this study 
were further analyzed in an effort to determine the 
degree of some of these relationships. Figure 6 
shows the correlation between skein strength and 
single-end strength This, as well as subsequent 
(r = 0.996) be- 


The equation Y = 


data, shows excellent correlation 
tween these two properties. 
— 6.6917 + 0.3011X grams. 
For X in pounds the equation becomes Y = — 6.6917 
+ 136.58X. 

The relationship between the Mean Linear Devia- 


is for X in units of 


tion, Percent U, as measured by the Uster Linear 
Integrator, and the logarithm of the yarn number 
proved to be most interesting. As shown in Figure 
7, there is a distinct difference between the combed 
and carded yarn. Only one combed yarn exceeded 
the limits on the high side and only two carded yarns 
entered the combed yarn area. Subsequent combed 
yarn data not shown on the chart fell between the 


two limits. A comparison between these limits and 





of Yarn Number 


CVo 








Yarn Number 


Fig. 11. Relationship between the coefficient of over-all 
variation for yarn number and the specified yarn number for 
combed cotton yarns. 
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the Uster Standards will show the limits in this fig- 
ure to be somewhat lower than the Uster Standards. 


Figure 8 is a cumulative frequency distribution 
the 
tested were within the American Society for Testing 
3%. 


distribution above and below target number. 


showing that slightly less than 80% of mills 


Materials tolerance of Figure 9 shows the 

There appears to be no relationship between yarn 
number and percent deviation from specified count or 
yarn number and Cl’, for yarn number. Coefficients 
of correlation were not calculated ; however, no trends 
are apparent by examination of Figures 10 and 11. 

There is some correlation (r = 0.83) between the 
coefficient of variation for single-end strength (CV ya) 
and the Mean Linear Deviation, Percent U. This 
plot is shown in Figure 12. 

No statistical analysis was made of the data in 
Figure 13; however, by visual examination it is ob- 
vious that there is no trend or pattern between CI’, 
of skein strength and Cl’yq for single-end strength. 


Figure 14 shows that there is fair to poor correla- 


(CV¢q) 


End Strength 








» for Single 


Y = 2.233 (1.123)* 


r = 0.83 


of Variatic 


Coefficient 








9 10 Il 12 13 14 15 16 
Mean Linear Deviation "U" Uster Integrator 


Fig. 12. Relationship between percent mean linear devia- 
tion and coefficient of variation for single end strength of 
combed cotton yarn. 


TEXTILE RESEARCH JOURNAL 


tion for over-all coefficients of variation for yarn 
number and skein strength; Figure 15 shows fair to 
poor correlation for Cl’, for yarn number and Cl’, 
for skein strength. 

The Cl’yq for single-end strength and the Cl’, 
for turns per inch exhibited very poor correlation 
(r = 0.38). 


Practical Applications of Results 


In order to illustrate the practical application of 
the results and conclusions of this study, suppose 
that the quality control program for a mill develops 
the following information: for skein strength a Cl’, 
of 6.54% and a CV, of 3.37%: 
CV, of 2.70%, 


from specified count of 2.15%. 


for yarn number a 
a CV, of 1.29%, and a deviation 
By examination of 
Table I, the value 6.54 is found to be higher than the 
average of 6.0; also inspection of the bottom diagram 
in Figure 1 shows the value 6.54 is in the upper 
portion of the diagram. This means that if this yarn 
is to be considered as an average to good quality 
The Cl, 


Since the variation 


yarn, this variation should be reduced. 
of 3.37% is better than average. 
between bobbins is high or worse than average, 
effort should be directed toward reducing the varia- 
tion in strength from bobbin to bobbin. 


CVo of Skein Strength 


CV¢q of Single End Strength 


Fig. 13. 


Relationship between coefficients of variation for 
skein and single end strengths. 
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The percent deviation of the yarn number from 
the nominal or specified count of 2.15% is below the 
average of 2.4%, as shown in Table I, and also is be- 
low the 3% specified by the American Society for 
The CV, of 2.70% is the same 
The CV » of 1.29% 
is below the average of 1.6% and the CV’, of 2.46% 


Testing Materials. 
as the average shown in Table I. 


is higher than the average value of 2.2%. 








CV, Skein Strength 


= 3.17 + 1.0744X 


r = 0.596 


-02 





Confidence Limits (95%) 
a = 2.16 - 4.18 


b = 0.69 - 1.45 





CV, Yarn Number 


Fig. 14. 


Relationship between over-all coefficient of varia- 
tion for skein strength and yarn number. 








Fig. 15. Relationship between coefficient of variation 
within for skein strength and coefficient of variation within 
for yarn number. 
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It should be remembered when using this type of 


analysis and interpretation that the coefficient of 
variation will vary to some extent as the result of 
sampling variation. If there is a doubtful case as to 
the significance of the level of a variable, further 
statistical tests should be made on the data before 
any definite decision is made. 


Sample Calculations 


The conclusions and body of this report have 
been written in such a manner as to facilitate easy 
interpretation and use by management and other 
supervisory personnel. For the readers that are 
interested in the statistical techniques used in the 
analysis of the data, the following sample calcula- 
tions are presented. 


Total variance* = > (X 
( 


— X)? = 20600.6 
+ (xX; — Xi 


Variance within bobbins? )? = 6750.0 


*See Table III. 


CV¢q of Single End Break 





CV, of Turns Per Inch 


Fig. 16. Relationship between the coefficients of variation 


for turns per inch and single end strength. 
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Variance between bobbins* 121.78 = 
= NX(X; — X)* = 4(3462.6) = 13,850 ” me X 100 = 4.42% 

Degrees 
Sum of of _ , 90 + 121. 
squares freedom Mean squares V 248.4 


Within bobbins 6750.0 5 0 = 6,2 90 + 121.78 


Between bobbins 13850.0 577. o.* + no? 


3 100 = 5.84 


90 


Potal 20600.0 211.78 x 100 


Ow + 40,” = 577. 121.78 
00 = 
211.78 * ! 


: ur... 
~ dy 2.059 — 144 
7.44 


90 
00 = 3.817 ‘Vv, = )= 3.07 
248.4%! on 73.4 * 1M = 5.0 


TABLE III. Skein Strength 
Skein 
strength, 


X 


Nm bho 


2 
2: 
2 
2! 


nou 
— a, 


bmw NS & 


wav 
wuuwuwun 


tN 


S 
4+ OO 
it 


239 88.36 
250 2.56 
242 40.96 
240 S. 70.56 


971 
242. 


249 36 
249 .36 
240 " 70.56 
252 12.96 


wun 

an dv 
Nm hm bd hwy 
mun 


Yu 
= 


990 
247.:! 0.81 


24844 20600.6 6750.0 3462.6 


248.44 
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Kinetic Studies of the Wool-Water System 


Part I: The Influence of Water Concentration 
I. C. Watt 


C.S.1.R.O. Wool Research Laboratories, Division of Textile Physics, 
Ryde, N.S.W., Australia 


Abstract 


Studies have been made of the sorption of water by wool fibers, after changes of 
the external water vapor pressure, by following the weight changes of the fibers. The 
sorption kinetics are dependent on the size of the concentration change and the initial 
regain of the wool. For low regains, 0-2.5%, sorption is Fickian with a concentration- 
dependent diffusion coefficient. At 35° C. and zero regain the diffusion coefficient 
Do = 1.0 x 10° cm.?/sec. and the activation energy of diffusion is > 11 kcal./mole. 
For concentrations above 2.5% regain, a portion of the water vapor uptake on absorption 
occurs by a non-Fickian mechanism; the relative contributions of the Fickian and non- 
Fickian mechanisms to the total uptake vary with the initial regain. 


Introduction of temperature effects in order to yield information 


Despite the many excellent studies which have 
been made of the wool-water system, it was felt that 
a more detailed kinetic study was required. Since 
the publication by King and Cassie [12] in 1940 of 
their results showing the importance of temperature 
changes of the fiber surroundings on the subsequent 
sorption behavior, it has been evident that the study 
of water vapor sorption must be made in the absence 


on the structure of wool fibers. 

Haly and Roberts [9] placed the fibers to be 
studied in an air stream in order to keep the tem- 
perature and humidity of the air at the fiber surface 
constant. However, the accuracy of this method per- 
mitted its use only for large changes of relative 
humidity. A second method, devised by Downes 


and Mackay |6, 7], measured, by a vibroscope tech- 
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nique, the change in the mass of a single fiber due 
to sorption. The relative humidity around the fiber 
was again controlled by air of the desired humidity 
flowing past the fiber. These studies showed that 
the conclusion reached by King and Cassie [12] that 
15 sec. would be the maximum time required to at- 
tain equilibrium within a fiber at 20° C. was invalid, 
even for the most rapid sorption steps with Merino 
fibers. 

The present studies are entirely on the kinetics of 
water sorption into wool carried out in such a man- 
ner so as to minimize the complicating effects of the 
heat of absorption so ably studied by King and 
Cassie [12] and others. In addition, as discussed 
by Barkas [2] for gels in general and more recently 
by Downes and Mackay |7]| for wool, the relative 
importance of water diffusion and stress relaxation 
in the fiber as they affect the sorption process is 
further elucidated. 

The absorption or desorption of a penetrant by a 
sorbent material has been termed integral sorption 
by Prager [20] and Kokes, Long, and Hoard [13] 
when the change of penetrant concentration at the 
boundaries of the sorbent is large. In order to 
obtain more accurate kinetic data in polymer—pene- 
which the coefficient of diffusion 


Kokes, 


Hoard developed the technique of interval sorption. 


trant systems in 


was concentration-dependent, Long, and 
That is, the sorbent was equilibrated with penetrant 
and the concentration of the penetrant at the surface 
of the polymer changed by a small discrete step to 
the chosen final concentration. For a small change 
of penetrant concentration, the diffusion coefficient 
can be considered constant over the whole concen- 
tration range. 

In view of the dependence of sorption behavior 
this 


for integral sorption steps in the wool—water system, 


on penetrant concentration observed in work 
it was considered advantageous to study the sorption 
behavior for small changes of water concentration 
over the entire concentration range. It has been 
established that only where the initial and final water 
concentrations are less than 2.5% regain is the 
uptake of water entirely a diffusion mechanism. The 
this 


gion are given at various temperatures. 


diffusion coefficients within concentration re- 
Experimental 
Apparatus and Procedure 
Measurements of regain changes were carried out 


on widely teased-out wool samples by use of a 
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McBain-Bakr sorption balance consisting of a cali- 
brated quartz spiral spring suspended inside a sorp- 


tion chamber. Connected to the chamber were a 


wide bore differential mercury manometer and a large 


reservoir of 11 1. capacity. The apparatus was 
enclosed in an efficient air thermostat, the tempera- 
ture of which E001° C. The 


whole apparatus could be evacuated to less than 10°* 


was controlled to 


mm. Hg through a liquid air trap. The water vapor 
pressure in the sorption chamber was changed as 
desired by opening the connecting tap to the reser- 
voir, which was sufficiently large that vapor pressure 
change due to absorption or desorption from the wool 
was negligible. 

Quartz springs of sensitivity of the order of 5 
mm./mg. and cathetometers reading to 0.005 mm. 
were used, enabling weight changes of 0.001 mg. to 
be measured. Hence with wool samples as small as 
10 mg., regain changes of 0.01% could be detected. 
Corriedale wool was taken from a fleece which has 
been used a great deal in this laboratory because of 
the uniformity of the fibers. The average dry diam- 
eter was 37. The wool was cleaned by several 
washings with cold petroleum ether followed by thor- 
The pH of the 


final rinse water was unaltered after standing in 


ough rinsings with distilled water. 


contact with the wool for several hours. 


Heat of Wetting 


Wool samples of widely separated fibers were used 
to minimize the effect of local temperature rise due 
to heat of absorption. Indeed, a calculation of this 
effect showed that, for the Corriedale fibers used and 
the dimensions of the wool sample and the sorption 
chamber, the rise in surface temperature could not 
be greater than 0.13° C. even for the largest relative 
humidity change of 0-100%. 
experiment that only if the distance between the 


It was shown by 


fibers was decreased by a factor of 10 could a slower 
rate of water uptake be observed on changing the 
relative humidity from 0 to 100%. 

Direct measurements of the temperature inside the 
sorption vessel were made with a copper—constantan 
thermocouple. 
ported by Nordon and Watt [18].) 
of temperature within the sorption chamber was ob- 


(These experiments have been re- 
An initial rise 


served on admitting water vapor to the evacuated 
chamber even in the absence of wool, due to com- 
pression of the water vapor. The rise in tempera- 


ture of 3° C. 


loss very rapid, so that the temperature returned to 


was almost immediate and the heat 
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within 0.1° C. of the equilibrium value within 2 sec. 
for large changes of relative humidity. For smaller 
changes of relative humidity, the effect was much 
reduced. 

No evidence was found of.a rise of temperature 
within a wool bundle due to the evolution of heat 
during absorption. That is, the fiber surroundings 
remained at the equilibrium temperature. Therefore 
it is assumed that any temperature effects are too 
small to affect the sorption behavior significantly and 
that the bundle of fibers would record the same sorp- 
tion behavior as a single fiber or a thin film under 


the same conditions. 


Results 
Integral Sorption with High Humidities 


The largest integral sorption step which can be 
applied in the wool—water system is achieved by 
changing the boundary concentrations of water be- 
tween zero vapor pressure and saturation vapor pres- 
sure. In Figure 1, Curve A, the absorption of water 


is shown as a function of (time)’ when 


vacuum- 
dried wool is exposed rapidly to a saturated vapor 
pressure of water at 35° C. Curve B shows the 
corresponding desorption of water from wool when 
the water vapor pressure surrounding the wool is 
rapidly reduced to zero. The units of (time) were 
chosen for the abscissa in order to show more clearly 
deviations from Fickian diffusion behavior. 

It will be noticed that there is an inflection in the 
absorption curve and that the initial rate of desorp- 
tion is much faster than the initial rate of absorption. 
However, the time to dry the wool to the equilibrium 
dry weight is much greater than the time required to 
reach saturation equilibrium. The inflection in the 
absorption curve has not been previously reported 
for the wool—water system, and Haly and Roberts 
|9] claim that the uptake is linear against (time) 
until 12% regain has been absorbed. However, 
King |10] has reported inflections in the uptake vs. 
(time)! curves of the wool—methanol and wool 
ethanol systems. 

Another prominent feature of the water absorption 
curve is that the uptake passes through a maximum 
of 35.4% regain before settling down to an equi- 
librium value of 33.6% regain. 


test 


It was necessary to 
whether this “overshoot” in the uptake curve 
was due to condensation on the wool. Therefore a 
series of large integral absorption steps were made 


from zero to high humidities but less than saturation 


445 
vapor pressure. The uptake curves for four such 
integral absorptions at 35.0° C. are shown in Figure 
2. It is apparent that the magnitude of the overshoot 
decreases as the final humidity of the absorption step 
is lowered. 
94.9% 
29.1% regain and the equilibrium regain was 28.0%, 


For 0-90.4% 


For a relative humidity change of 0- 
(Curve A) the maximum absorption was 


showing an overshoot of 1.1% regain. 
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Time? (mint) 


Fig. 1. Integral sorption at 35° C. 
of regain vs. (time)! following a relative humidity change 
from 0 to 100%. Curve B: Change of regain vs. (time) 
following a relative humidity change from 100% to 0%. 


Curve A: Change 
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,o , 10 
Time? (min?) 


Fig. 2. Integral absorption at 35° C. Regain vs. (time)! 
plots following relative humidity changes of Curve A: 
0-94.9% ; Curve B: 0-90.4% ; Curve C: 0-85.4% ; Curve D: 
0-79.5%. 





Fig. 3. Integral absorption at 35° C. Regain vs. (time) 
following a relative humidity change from 79.4% to 94.8%. 
Equilibrium regain, 27.9% 


RH and 0-85.4% RH absorption steps (Curves B 
and C), the overshoot amounted to 0.6% regain and 
0.2% regain respectively. No absorption overshoot 
could be detected for 


0-79.5% 


a relative humidity step of 


(Curve D) or for any sorption steps in 
which the final water vapor concentration was less 
than 80% RH. 

In order to test whether the appearance of an 
absorption overshoot was related to the magnitude 
of the concentration change, a wool sample which 
had been equilibrated with water vapor at 79.4% 
RH was subjected to a relative humidity of 94.8% 
(Figure 3). The absorption curve showed a marked 
inflection as a function of (time)’ and an overshoot 
of the equilibrium uptake of 2.6% regain, which was 
much greater than the overshoot observed for a 0 


94.9% RH absorption step. 


Integral Sorption at Low Humidities 


For integral absorption and desorption steps where 
the water vapor concentration is varied between dry- 
ness and progressively decreasing relative humidities, 
the inflection in the uptake vs. (time )’ curve becomes 
less pronounced and the ratio of the initial rate of 
desorption to the initial rate of absorption becomes 
progressively less 
RH, 


the inflection in the absorption curve had almost dis- 


When the upper limit of humidity was 28.2% 


appeared, and the initial rate of desorption was 
nearly the same as the initial rate of absorption 
(Curves C and D of Figure 4). The regain change 
of 8.0% in the wool fibers for this relative humidity 
step is comparable with the regain change of 8.4% 
for the relative humidity step from 79.4% to 94.8% 


(cf. Figure 3). 
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Curves E and F of Figure 4 show the amount of 
absorption and desorption as a function of (time)? 
for the relative humidity limits of 0 and 11.0%. In 
each case the initial slope is linear, and the initial 
rate of desorption is less than the initial rate of 
absorption. 

It is apparent from the foregoing that the kinetic 
behavior of sorption is dependent on the region of 
humidity in which the sorption step is made. 


Interval Absorption 


The criterion adopted for choosing the size of the 
concentration steps for interval sorption studies was 
that the form of the absorption curves would not be 
altered by further decreasing the size of the concen- 
tration changes. It was found that a change of con- 
centration of not greater than 1% regain in the wool 
sample satisfied the above requirement for all initial 
regains. 

Accordingly a wool sample was vacuum dried at 
Joh. 


of 36 steps, the increase of water vapor pressure in 


and taken to saturation regain with a series 


each case being such that the equilibrium regain 
increment was not greater than 1%. The system 
was allowed to come to equilibrium after each con- 
centration increment before proceeding with the next 
absorption step. 

Figure 5 shows the very different shapes of the 
uptake curves as a function of (time)! obtained at 
five widely spaced initial regains. For simplicity 
only 5 of the 36 curves are shown. It can be seen 
that, at a low initial concentration (0.95% regain), 


the uptake of water is initially linear with (time)! 


+ ae 
Time! (mint) 


Fig. 4. Integral sorption at 35° C. Curves A, C, and 
E: change of regain vs. (time)! following relative humidity 
changes from 0 to 48.2%, 28.2%, and 11.0% respectively. 
Curves B, D, and F: change of regain vs. (time)! following 
relative humidity changes from 48.2%, 28.2%, and 11.0% 
respectively to 0. 
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(Curve A) and comes to equilibrium at 1.88% re- 
gain after (15 min.)?. 

At regains above 2.5%, the form of the interval 
uptake curve changed; the initial uptake of water 
was faster but the time to final equilibrium was 
longer. 
curred in two distinct phases, a fast initial uptake 


At higher concentrations the absorption oc- 


and a slow second stage. An increasing proportion 


of the uptake occurred in the second stage of absorp- 
tion at higher initial regains and reached a maximum 
for an interval absorption from an initial regain of 
11.59% toa final regain of 12.56% (Curve C of Fig- 
ure 5). During the first stage of this absorption the 
uptake was 0.27% regain in 9 min. but reached final 
The 
change in the form of the uptake curve with con- 


concentration equilibrium only after 5 days. 


centration is gradual and Curve B at an initial re- 
gain of 5.18% illustrates the transition from Curve 
A to Curve C. 

At initial regains above 12.56% the proportional 
size of the second stage of absorption decreased, but 
the rate of uptake for this stage showed a decided 
increase (Curve D of Figure 5). For the interval 
step from an initial regain of 19.29%, the first stage 
of the uptake developed a sigmoidal shape as a 


function of (time)! and the second stage became so 


rapid that it was indistinguishable from the first 


stage. From an initial regain of 20.13%, the uptake 


Fig. 5. Interval absorption at 
35° C. Regain vs. (time)! plots 
for regain increments of <1% at 
various initial regains. Curve A: 
initial regain 0.95%; Curve B: 
initial regain 5.18%; Curve C: in- 
itial regain 11.59%; Curve D: in- 
itial regain 18.30%; Curve E: 
initial regain 23.11%. Curves B, 
C, D, and E are not shown to 
equilibrium 
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passed through a maximum before settling to the 
final equilibrium value for the sorption interval. 
Similar absorption behavior was observed at all 
higher initial regains; Curve E of Figure 5 is typical 
of the absorption behavior observed in this high 
There is a marked simi- 
larity in the shape of this uptake curve for an 


water concentration region. 


interval absorption step and the uptake curve for an 
integral absorption step at high concentrations (cf. 
Figure 3). 
form of the uptake curve was independent of the 


Further experiments showed that the 


size of the concentration interval at high regains. 


Interval Absorption at Low Water Vapor Concen- 
trations 


At a low concentration of water vapor the uptake 
vs. (time)! curve appeared linear initially; then the 
rate of uptake decreased. This is the form of uptake 
curve expected for Fickian diffusion into an infinite 
cylinder. Crank [4] has given mathematical solu- 
tions for the amount of penetrant entering or leaving 
a cylinder at any time following a change of surface 
concentration for a variety of conditions, providing 
that the diffusion is Fickian. The appropriate ex- 
pression for the interval experiments of this paper is 
that obtained assuming that the surface concentra- 
tion of water vapor was changed instantaneously to 


a constant value, the penetrant concentration through- 








TABLE I 


Diffusion coefficient 


lemperature, Concentration range, 
E D, cm.*/sec. 


( % regain 


76 
22 
70 
.20 


10°! 
10 
10°” 
10 


78 
31 
69 


> 


+4 


10°: 
10 

10>" 
10>" 


XxKXKXK KKXKX 


10 
107! 
10 
10 


0.51-0.90 
0.90-1.21 
1.21 


0 
0.72 
1.10 


10 
10-' 
10 


XxXMK KKK 


TABLE II 


lemperature, Diffusion coefficient < 
Cc regain, D, 


+ 0.05 X 10 
x 10 
x 10 
x 10 


out the cylinder was initially uniform, and the dif- 
fusion coefficient was constant over the small con- 
A plot of the uptake as a 


centration interval. 


function of (time)! using the appropriate Crank’s 
equation is in excellent agreement with Curve A of 
Figure 5. 

The coefficients of diffusion D for the small range 
of concentration where the sorption mechanism ap- 
peared Fickian were calculated from the rates of 
absorption over small concentration intervals at four 
temperatures. The values obtained are given in 
Table I. 

It can be seen that the diffusion coefficients are 
The 


diffusion coefficients were plotted against the mid- 


dependent on concentration. values of the 
value of the concentration range over which they 
were measured. For the concentration range of 0 
2% regain the variation of ) with concentration 
is almost linear, and it was possible to extrapolate 
to zero regain using the line of best fit obtained by 
the “method of least squares.” The intercepts on 
the ordinate at zero regain were taken as estimates 
(D,) for 
The limits shown 


of the values of the diffusion coefficient 
each temperature (see Table II). 
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were derived from the standard error of the slope 
of the regression of diffusion coefficient on concen- 
tration. 

Calculation of the activation energy of diffusion 
from the values of the diffusion coefficient at zero 
regain, D),, gives a value >11 kcal./mole. 


Discussion 


The sorption kinetics of the integral experiments 
presented in this paper show marked dependence on 
the regain region over which the sorption occurs. 
Similarly, the kinetics of absorption observed for 


interval experiments varies greatly according to the 


initial regain of the wool fibers. 

The sensitivity of the sorption behavior to the 
concentration of water in the fibers suggests that, 
for an integral step in which the difference between 
initial and final concentrations is large, the distri- 
bution of penetrant concentration within the fibers 
at any particular time would have an important bear- 
ing on the subsequent sorption behavior. 

An inflection in the absorption curve as a function 
of (time)! and a greater rate of desorption com- 
pared to the rate of absorption has been observed in 
has 
been shown by Crank and Park [5] that no gen- 
eralized form of Fick’s diffusion equation is adequate 


a number of polymer—penetrant systems. It 


to describe the whole course of the sorption. Cassie 
[3] demonstrated that the mechanical properties of 
the wool fibers are a complicating feature of the 
equilibrium sorption values. It is also probable that 
the anomalous kinetics observed are related to the 
complex internal structure changes. 

Long, Bagley, and Wilkins [15] showed that for 
the anomalous cellulose acetate—acetone system there 
were in fact two distinct processes of sorption if the 
penetrant concentration was changed by small in- 
tervals. The kinetics of the first stage of sorption 
obeyed Fick’s laws, but it was demonstrated by Long 
and Watt [14] that the second stage did not occur 
by a diffusion-controlled mechanism. Bagley and 
Long [1] proposed that sorption in this second stage 
occurred as a result of the breaking of interchain 
bonds which had been strained by the entry of pene- 
trant during the first stage of sorption. Downes 
and Mackay |7]| obtained two-stage sorption for 
small changes of humidity in the wool—water system 
and concluded that wool behaved as a polymer below 
its second order transition temperature, with respect 


to sorption of water vapor. A coupled diffusion- 
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relaxation mechanism has _ been put 


forward by 
Newns [17] as an explanation of anomalous sorption 


by polymers below their second order transition 
temperature, 

The results presented in this paper show that the 
extent of the deviation of sorption behavior from 
Fickian diffusion is dependent on the concentration 
of water in the wool fibers. As anomalous sorption 
has been associated with two mechanisms of sorption, 
it is probable that the relative importance of each 
mechanism changes with the concentration of the 
water in the wool. 

The interval absorption uptake curves fall into 
three categories according to the concentration of 
water in the wool fibers: (a) at low concentrations 
of water (<2.5% regain) the absorption obeys Fick’s 
laws; (b) the appearance of a relaxation mechanism 
in addition to the diffusion-controlled mechanism for 
absorptions to a final concentration above 2.5% re- 
gain; (c) an overshoot of the equilibrium regain for 
absorption steps to concentrations above 20% regain. 

The appearance of an overshoot of uptake for 
absorption to high regains is not to be expected as 
a result of either a diffusion or a stress relaxation 
mechanism. However, these observations are con- 
sistent with the idea put forward by Feughelman 
[S| that, following absorption to high regains, a 
That is, 
of the weak interchain bonds are broken by the ini- 


sol-gel transformation takes place. most 


tial inrush of water but some later re-form, giving 
This 


bonds could cause the exclusion of some of the pre- 


the fiber increased rigidity. re-formation of 


viously absorbed water. It is proposed to leave fur- 
ther discussion of the causes of absorption over- 
shoots until a more detailed study has been made. 

Interval absorption to a final concentration above 
2.5% regain cannot be fitted by the equation given 
by Crank [4] for penetrant uptake due to Fickian 
diffusion; uptake of water vapor continues for a 
longer time than would be expected if the sorption 
were only diffusion-controlled. 

For initial water concentrations in the wool higher 
than 15% regain, the rate of the second stage of 
absorption became comparable with the first-stage 
absorption rate. It is probable, therefore, that al- 
though the uptake curve at high regains shows no 
discontinuity, the mechanism of absorption is a com- 
bination of the two distinct mechanisms of absorption 
operative at lower concentrations, i.e., a diffusion 
mechanism and a stress relaxation mechanism. At 
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high concentrations of water, the uptake curves for 
interval sorptions have a form similar to the integral 
absorption curves, and the mechanism of sorption 
appears to be independent of the size of the concen- 
tration interval. 

Only at low regains can the rate of absorption 
of water into wool be termed entirely diffusion- 
The value of D, = 1.0 x 10° cm.?/sec. 
C. for the diffusion coefficient at zero regain 
10 lower than the value of D=~10° 
sec. for low regains obtained by King [10, 11] 


controlled. 
at 35 
is a 


factor of 
cm.” 
from absorption of water into horn keratin and the 
permeability of horn keratin to water vapor at 25° C. 
It is not possible to make a direct comparison of 
these values without knowing the absorption interval 
over which King made his measurements or the low- 
est regains at which the permeability measurements 
were made. However, the magnitude of the differ- 

that the 
water into wool is less than the coefficient of diffusion 


ence suggests coefficient of diffusion of 
of water into horn keratin at low regains. 


The than 11 


activation energy of diffusion near zero regain is 


value of more keal./mole for the 
higher than the values in the literature for the acti- 
vation energy of diffusion at higher regains. How- 
ever, it is in agreement with the finding of Watt, 
Kennett, and James [22] that the total energy re- 
quired to remove water molecules from wool fibers 
increased rapidly with decreasing regain at low 
regains and reached a value of 15 kcal./mole near 
zero regain. From measurements with acetylated 
wool they concluded that this high energy of activa- 
tion in the later stages of desorption was associated 
with the removal of water from hydrophilic side 
chains. Similarly, it is probable that the high energy 
of absorption at low regains indicates that the mecha- 
nism of absorption involves the attachment of water 
molecules to hydrophilic side chains within the wool 
fibers. This is in agreement with the mechanism 
proposed by Pierce [19] for cotton fibers and by 
Speakman [21] for wool fibers from analyses of 
the appropriate sorption isotherms. The idea that 
some of the water molecules are bound to hydro- 
philic sites has been proposed for a number of pro- 
teins from equilibrium sorption data; these mecha- 
nisms are the subject of an excellent review by 
McLaren and Rowen {16}. 

Many polymer—penetrant systems reported in the 
literature appear anomalous in their diffusion be- 


havior even at low penetrant concentrations. It is 
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probable that it is the diffusion of the water molecules 


through the wool fibers to the hydrophilic side chains 


which follow Fickian laws. It appears that there 
is not sufficient strain set up in the fibers to cause 
additional absorption as a result of stress relaxation 


of the fibers, as may occur at higher regains. 
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An X-Ray Study of Acetylated Jute 


S. C. Roy 


Indian Jute Mills Association Research Institute, Calcutta—27, India 


Abstract 


X-ray results for progressively acetylated jute fibers are described. 


The diffraction 


pattern of partially acetylated jute has certain features in common with that of a similarly 
treated pure cellulose fiber such as ramie or cotton, but the intense equatorial reflection 


characteristic of the acetyl cellulose appears to be absent in it. 


At highest acetyl content, 


the x-ray photograph of jute is closely similar to that of cellulose triacetate I, and the 


transformation to the new lattice appears as complete as in a pure cellulose fiber. 


two large spacing equatorial reflections 


The 


A, and A, show improved sharpness and in- 


tensity as well as increased spacing on the partially acetylated jute diagram but are absent 


in the fully substituted one. 
jute. 


Introduction 


The effect of acetylation on the x-ray structure of 
cellulose fibers has been studied by various workers 
2, 3}. 


regarding the course of acetylation; the results gen- 


We leave aside the controversy [2, 3, 4] 


erally indicate that when native cellulose is used as 
the starting material, the first acetate formed is tri- 
acetyl cellulose I. If the swelling is sufficiently great, 
then the structure I is transformed into II, the latter 
being the more stable form. With increasing acetyl 
content, the oblique reflections become more diffuse, 
while the meridian reflections remain clear and 
sharp; the equatorial reflections gradually disappear 
and new spots appear; finally, a new lattice is 
Opinions differ [4] whether form I is to 


be regarded as a distorted lattice or should be given 


formed. 
the status of a modification. According to a recent 
report [13], however, both the triacetates I and II 
are stable crystalline modifications, although the lat- 
ter is the preferred structural form. The partially 
acetylated cellulose shows the two phases, triacetyl 
cellulose I and unchanged native cellulose. 

In view of these results for pure cellulose fibers, 
an x-ray study of progressively acetylated jute seems 
worthwhile. Since the transformation of cellulose I 
to cellulose II is not complete under normal condi- 
tions of mercerization of jute [5, 9], it may be inter- 
esting to follow the transformation of jute cellulose 
to a new lattice during the process of acetylation. 
Also, an examination of the influence of the acetyl 
groups on the two large-spacing reflections 4, and 


A, of jute [9] may lead to further elucidation. Two 


The results are discussed in the light of the structure of 


different views [6, 9, 10, 14] have been taken re- 
garding the origin of these reflections. 
to one, the reflections are due to the formation of 


According 


reversible pseudocrystalline swelling compounds by 
the chain molecules in the initially noncrystalline 
regions through the orienting agency of water mole- 
cules, while the other regards them to originate from 
crystalline areas which may, of course, be in a state 
of imperfection. 


Experimental 


A good quality white jute of East Bengal origin 
(ratio 
This is usually designated as defatted and 


was extracted in alcohol—benzene mixture 


32h, 


sometimes referred to as native jute. As samples 


of pure cellulose fibers for comparison, commercially 


degummed ramie and cotton (of Egyptian origin), 
lightly scoured by boiling in 2% caustic soda solu- 
tion, were employed. The fibers (jute, ramie, and 
cotton) were acetylated in glacial acetic acid medium 
using acetic anhydride as the acetylating agent and 
The methods used for 


acetylation and the estimation of acetyl content were 


perchloric acid as a catalyst. 


as described in a previous communication [11] from 
this Institute. 
done as suggested by Bhattacherjee and Callow [1]. 


The deacetylation of native jute was 


The x-ray patterns were taken with nickel-filtered 
CuK a-radiation from a demountable filament type 
(Raymax) tube operated at 30 kv. and 20 ma. The 
collimators, one 6.5 cm. long and 0.4 mm. in bore 
and another 5 cm. long and 0.25 mm. in bore, were 


made of lead glass capillary tubing. The specimen- 
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to-film distance was approximately 3 cm. and the 
exact value was calculated from the known spacing 
of the 020 reflection of cellulose, the latter being 
regarded to have remained unchanged by the treat- 
ments. All the photographs were taken at 65-70% 


RH and 80° F. 


Results 


Figures 1-10 represent the x-ray photographs of 


native and ireated fibers; the relevant (equatorial ) 


Fig. 1. X-ray photograph of native jute (AC = 4.7%). 


Fig. 2. Deacetylated jute (AC = 0%). 
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spacing values are given in Tables I and II, the 
results for cellulose triacetate Il reported by Happey 
[2] being included in the latter. 
is expressed as follows: 


The acetyl content 


Acetyl content 
Wt. of acetyl groups (CH»CO- 
= Al hte se > 100 
Wt. of dry fiber 
It will be seen that the diagrams for partially 
acetylated jute and partially acetylated pure cellulose 


. 3. Partially acetylated jute (AC = 28.4% 


Fig. 4. 


Native ramie. 
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fibers, ramie and cotton (Figures 3, 5, and 6), have 
certain features in diminution in in- 


tensity and increased diffuseness of the main reflec- 


common: a 


tions, a marked increase in sharpness and clarity of 


the meridian reflections, and a slight disorientation 
of the main diffraction arcs (this is just noticeable 
in jute but more prominent in ramie). On the other 
hand, the innermost equatorial reflection, 
acteristic of acetyl cellulose as found in ramie and 


A,, char- 


cotton, is not observable in the jute photograph. 
The other special feature of the partially acetylated 


Fig. 5. Partially acetylated ramie (AC = 28.0%). 


Fig. 6. Partially acetylated cotton (AC = 32.1%). 
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jute is the marked improvement in sharpness and 
intensity and increased spacing values of the reflec- 
tions A, and A, (Table I and Figures | and 3). 

At higher degrees of acetylation, particularly at 
maximum acetyl content (Figure 9), the changes in 
the x-ray pattern of jute appear to be almost similar 
to those reported for pure cellulose triacetate [2]. 
It is noted, however, that while the photograph for 
fully acetylated jute (Figure 9) compares fairly 
closely with that of cellulose triacetate I as regards 
the orientation and intensity of both the polar and the 


Partially acetylated jute (AC 


8. Partially acetylated ramie (AC = 52.6%). 
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equatorial reflections, the spacing values of the equa- 
torial reflections of jute are in agreement with those 
of cellulose triacetate II, reported [2] to have been 
obtained from highly oriented cellulose II as the 
starting material (Table II). In addition, the equa- 
torial reflections of the jute diagram appear to show 
improved resolution when compared with the corre- 
sponding spots in the pure cellulose triacetate I 
photograph. This indicates that upon acetylation by 
a method as reported in this work, the transforma- 
tion of jute cellulose I to cellulose triacetate is as 
complete as in a pure cellulose fiber such as ramie 
or flax of comparable orientation, although in view 


of the observation by Sprague et al. [13], particu- 


larly as regards the presence of the 8.3 A and 6.6 A 
spacings, one is not sure, until further evidence, 
whether the transformation in jute is to form I or II. 
In this connection, it may be noted that the complete 
transformation of jute cellulose I to cellulose tri- 
acetate is at variance with the incomplete merceriza- 
Ac- 
cepting that the latter is due to a restraint in the 


tion of jute in alkali under normal conditions. 


fiber structure arising from the strong linkage be- 
tween lignin and cellulose [5, 9], one would presume 


is eliminated in the 
course of acetylation so as to enable the chain mole- 


that the same (i.e., restraint) 
cules in the crystallites to assume the required con- 
figuration. While the action of the perchloric acid 
(used as a catalyst in small quantity) in this regard 
is not known, it has been observed that jute treated 
in 60% perchloric acid (Merck) at room tempera- 
ture (80° F.) for 10 min., washed neutral, and air- 
dried gives a completely mercerized diagram (Figure 
10) similar to that reported for ramie [2] which 
obviously indicates the elimination of the restrictive 
influence responsible for incomplete mercerization of 
jute cellulose I. Furthermore, the reflections A, 
and 4,, so prominent in the initial stages of acetyla- 
tion of jute, are not observable in the fully substi- 
tuted diagram (Figures 3 and 9). It is possible that 
the reflection A, is obscured by the presence of the 
very strong spot 4, because of the latter’s spacing 
value being close to it II), but the 


which should be regarded 


(Tables I and 
same is not true for 4,, 


as truly absent. 


Discussion 


The absence of the 11 A spacing in partially 
acetylated jute is an interesting fact, but no satis- 


factory explanation can be given here. One possi- 
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bility is that the chain molecules of jute cellulose are 
not equally free to undergo a configurational change 
as in ramie or cotton. A rigidity of the jute struc- 
ture has also been suggested from the study of the 
kinetics of acetylation [11] and is frequently indi- 
cated by its swelling behavior [7, 8, 12]; the origin 
of this rigidity has often been traced to the strong 
The 


question that the degree of acetylation considered 


association between cellulose and lignin [5, 9]. 


here refers only to the amorphous regions which are 


Fig. 9. 69.5% ). 


Highly acetylated jute (AC 


Jute mercerized by treatment with 60% perchloric 
acid (Merck) at 26° C. for 10 min. 
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TABLEI. Equatorial Reflections of Native and Deacetylated 
Jute and Partially Acetylated Jute and Ramie 


Native jute 
(AC = 4.7%) 


Deacetylated jute 
(AC = 0%) 


Desig- 
nation 


Spacing, 
Intensity 


Spacing, 
os Intensity* 


m 14.7 m 
w 9.6 w 
vs 6.1 vs 
vs 5.4 vs 
VvVs 4.0 VvVs 
Partially acetylated 
jute (AC = 28.4%) 


Partially acetylated 
ramie (AC = 28.0%) 


Desig- 
nation 


Spacing, Spacing, 


Intensity* A Intensity* 
Be . ms 
A, absent vvs diff 
Ay . m absent 

101 3 s 6.0 vs 
101 5.5 vs 5.3 vs 
002 ' VVs 3.9 


absent 
11.1 


VvVvs 


* Visual observation: v = very, s 
= weak, and diff = diffuse. 


= strong, m = medium, 


TABLE II. Equatorial Reflections of Fully Acetylated 
Jute and Crystalline Cellulose Triacetate II 


Fully acetylated jute 
(AC = 69.5%) 


Crystalline cellulose 
triacetate II [2] 


Desig- Spacing, 


Spacing, 
nation \ 


Intensity* A Intensity * 


z absent 


A, 11.2 VVs 10.6 
8.3 8.4 vs 
6.6 6.7 vs 


diff s 


Ay absent 


A¢ 5.4 5.4 
j 4.2 4.8 m 
Ag 3.8 4.3 m 
Ag 3.4 


* Visual observation: \ 
w = weak, and diff = diffuse. 


‘ 


ms diff 


= very, s = strong, m = medium, 


in excess in jute [11] does not seem to arise, since 
the effect on the crystalline areas is clearly indicated 
by the changes in both the polar arcs and the other 
main reflections. A smaller decrease in orientation 
of the equatorial reflections of jute also points to 
a rigid framework of the fiber. It may be stated that 
while we take note of the changed spacing value of 
the 101 reflection of (partially acetylated) jute (Ta- 
ble I), a further discussion of the point is not pur- 
sued in this communication. 
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The effect of acetylation on the reflections 4, and 
A, of jute appears to be particularly interesting. 
Whereas an increase in the intensity and spacing of 
these reflections was previously observed as due to 
water molecules, their improved sharpness and in- 
tensity as well as enlarged spacing as found in the 
partially acetylated jute diagram of the present ex- 
periment (Figure 3 and Table I) are obviously to 
be ascribed to the acetyl radicals. It may be men- 
tioned in this connection that acetylation of jute 
leads to as reduced hygroscopicity as that of ramie or 
cotton. One may, however, argue that the changes 
occurring to the reflections on partial acetylation re- 
fer to the noncrystalline regions similar to those 
suggested to have been produced by water molecules. 
In that case, it may be that a part of their intensity 
in native jute at ordinary humidity is due to the nat- 
ural acetyl content, which is about 4+-5%. No change 
is, however, observed in A, and 4A, following de- 
acetylation of native jute (Figure 2 and Table I). 
It is, therefore, rather unlikely that the acetyl groups, 
either being present in the original fiber or intro- 
duced in the process of acetylation, could effect an 
ad hoc crystallization in the originally noncrystalline 
areas. Moreover, if the reflections 4, and A, are 
assumed to belong to the originally noncrystalline 
areas, one should rather expect that they remain un- 
affected when the native cellulose transforms into the 
acetyl structure, provided, of course, one rules out 
the possibility of formation of pseudocrystallites 
through the agency of the acetyl radicals in a similar 
manner as through water molecules and their sub- 
sequent participation in the transformation to acetyl 
structure along with the native cellulose crystallites. 
On the other hand, the changes occurring to these 
reflections at lower degrees of acetylation and their 
absence in the fully acetylated diagram may be taken 
to indicate that they are involved in the transforma- 
tion, which can apparently be explained by assuming 


a crystalline origin for them. 
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Behavior of Sample Pleated Strips of Wool Fabric 
in an Extensometer 


Part II: Modifications Due to Pleat Curvature and Other 
Second Order Effects 


H. W. Holdaway 


C.S.1.R.O. Wool Research Laboratories, Division of Textile Physics, 
Ryde, N.S.W., Australia 


Abstract 


The simplk 


theoretical model previously considered [1] was inadequate in some 


respects to provide a complete account of the observed elasto-mechanical behavior of 


a pleat when extended. 
and the variation in fabric 


stiffness as a function of tension. 


Factors now included are the radius of curvature at the pleat 


The use of additional 


parameters to take account of these effects permits a very good description of the ob 


served behavior. 


Values of ‘‘initial pleat angle’’ and “initial fabric stiffness’’ can be 


determined from experimental results of longitudinal extension and lateral deflection as 


a function of load. 


Introduction 


In a previous paper, a des nption was given ol 
a simple theoretical model to explain the elasto- 
mechanical behavior of a pleat in an extensometer. 
It was found experimentally that the first order 
behavior could be satisfactorily related to this 
“ideal pleated-elastica’’ model. 

It was also noted that some departures occurred 
at higher load values; to a lesser extent for those 
pleats which had been given longer times of treat- 
ment during their formation. Qualitatively, these 
departures could be explained by a finite rather 


than infinite curvature in the immediate proximity 


of the pleat In this study a mathematical analysis 
is made of the effect of finite pleat curvature; an 
allowance is made for a small variation of fabric 
stiffness with tension. 

The application of additional terms based upon 
the above-mentioned analysis was found to lead 
to a very good representation of experimental 
results over the same range of tensions as employed 
previously [1]. By employment of some of the 
parameters used to fit the data by the method of 
least squares, estimates could be made of both the 
initial pleat angle! and initial fabric stiffness.' 


. Extrapolated to zero tension. 
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Extension of Previous Theory to Include 
Second-Order Effects 


The elastica model now to be employed is shown 
diagrammatically in Figure 1. For simplicity the 
diagram has been turned through 90° so that the 
tension P is shown acting horizontally. For con- 
venience, gram-centimeter units are employed, as 
in the previous paper [1]. The essential point of 


departure from this earlier treatment is in no 
longer regarding the deflection angle y as constant. 
A central section CD of the pleat proper is assumed 
to be bent to a radius of curvature po under no 
tension. If the bending moment is assumed to be 
constant over CD, the latter opens to a radius of 
curvature p (a function of the tension) under the 
conditions illustrated in Figure 1. To simplify 
exposition, the radius of curvature p is considered 
to remain quite small, and as a consequence the 
contribution to the deflection caused by the opening 
out of CD itself is neglected compared with those 
effects which are due to the consequent variability 
of the pleat angle y. 

To describe the quality of a pleat satisfactorily 
the two parameters necessary are the initial radius 


of curvature po and the initial pleat angle yo, both 
corresponding to (or extrapolated to) the zero 
tension condition. 

The changing values of p may be related to the 
local value of bending-moment at the apex of the 
pleat, if the local value of fabric stiffness is known. 
For simplicity the local stiffness will be taken as 
being the same as in the remainder of the pleat. 
The modifications needed to include the effect of a 
local stiffness change are readily introduced if 
desired. Since, however, the resulting parameter is 
always associated with the parameter po, this effect 
may be regarded as being absorbed in the latter. 
the ideal 
pleated-elastica [1] are still valid for sections AC 
and BD. 


numbers as used previously, 


Analytical expressions based upon 


These are, with the same equation 


d+e = mee Y\. }S 
lo i+ aP 4 versin (7) -4/p 


2 sin (3) Ip 


An approximate allowance can be made for 


} J = 


stretch in the arc CD, as a result of which we de- 
duce the relationship 
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ye = Yopo(1 + aP) (3) 


in which aP <1. The stretch in the fabric results 
in a thickness reduction and consequent reduction 
in stiffness. Again, some account is taken of this 
by writing S=S)(1—8P) and VS=vS,(1—- +BP); 
where BP « 12 

From the definition of fabric stiffness 


s(Z) _. s(- -) (4) 


and from the theory of the pleated elastica [1] 


Pih + Y) 


it is possible to deduce the relationship 


P(ih + Y) 


re, 
2vPSs 
\ in 4 


wherein the error of approximation is of the same 
order as the errors of approximation in Equations 1 
and 2. These errors are negligible for practical 
purposes. Equations 3, 4, and 5 can be combined 


into the single equation 


A (. a a 
YopPo ‘gl 1 <F) 


Equation 6, apart from the relatively minor 
modification for variation of stiffness with tension, 


2vwPS sin (6) 


may be regarded as containing all the information 
the the pleated 
It should be taken in conjunction with 


essential to revised version of 
elastica. 
Equations 1 and 2 to determine the now unknown 
deflection angle y which appears therein. Since 
we are not primarily concerned with evaluating + 
as such, the problem may be reformulated as the 
elimination of y from Equations 6, 1, and 2 to 


obtain two equations for e and Y. 
2 Although stiffness could be expected to vary with tension 


variations along the elastica, the small effect is allowed for 
by averaging in this way. 


j(d+e) 


Radius of 
curvature = p 


Stiffness = S 


Tensions? 


Equivalent eccentricity 


Note: Curvilinear Length AC = BD «if, 


Fig. 1. 


Pleated-elastica model with finite pleat curvature. 
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Owing to the nonlinear character of Equation 6 
in terms of y, this process cannot be directly 
achieved. 
for a moderate range of variation of y, which we 


Equation 6 may, however, be linearized 


do by introducing a new variable v defined by the 


equation 


where @ is a value of y/4 at some point in a linear- 


izing range over which v may take small positive 


or negative values. Equations 1, 2, and 6 may then 
be rewritten using first order approximants, which 
The process of 


are valid provided v is small. 


¢ 


eliminating y now becomes that of eliminating v 


When the 


in the restated Equations 1, 2, and 6. 


All data fitted by an equation of the form 
4- $3, =f +Bh-C 


° 1+aP 


e 
E 
a 
~ 
- 
c 
. 
° 
> 
2 
c 
9 
on 
c 
iv) 
) 
a 
“ 
~~ 
= 
pe] 


+ BJP 


d+e 
1+aP 


*LEGEND - 


Curve of Best Fit - First Order Theory 


Longitudinal Deflection modified - ( arbitrary origin ) 


5 40 30 25 


Adjusted Data - Straight Line of Best Fit 
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variation in stiffness with tension is taken in ac- 
count, the relationships obtained reduce to the form 


(provided 4poyo cos 0VP/S « 1), 


d+e A 


aia eo aes 


oor = 


D é , 
alin F (9) 
\ 


after neglect of small product terms which lead to 
expressions in P, P!,etc. The expressions obtained 
for these parameters are 


A=4 = + (% 0) sin a| So! 


| 4 


P 


“| 


Initial spacing es 23°89 cms 
. — 


“ 


ay 


All strips approximately tem wide 


Fig. 2. Typical graphs of exten- 
sion (modified by pleat curvature) 
plotted against 1/ VP. Dashed lines 
show the deviation from linearity of 
the Fizst Order Theory. 


20 +8 +6 


Applied Tension (grams) - Reciprocal Square Root Scale. 
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x¥' ) . | ae | . Yo | ~ | 
3 = — 26! vers 6 — 6) sino} So! t= — Bcos6 It —0)} Ss 
I 8 | ver +3 ino} S Bcos@ jtand + (7 jis 


+ ayo sin OSo) + poo? sin 6 cos’é + kayo cos 6Sy! + 3po2yo? cos? 6 


| Yo _ ) Pot 
jtan a + (7) 6 ‘oa 


= 26 + sin 20 


x 4 Yo 
x tan 6 + ( 4 


— 2py? sin 0 : | ; 
— py cos 6 {6 cos 26 + sin 26 


+ (3 ae 0) (3 cos 20 — 26 sin 2)! So 


+ (%; chs 0) (3 cos 26 — 26 sin 20)| Se (14) 
C = 2peyo sin 0 cos 6 = 6+ ( Yo _ 0) | 
| 4 | 


4 


tan 6 + ( * - 4) 


Tr + —_,—— 


All data fitted by an equation of the form 


D 2 sin 6+ ( "i ~ a) cos 0 So! * = poyo cos’ 0 


Y= B+EP-F 


—€ 
€ 
N 
° 
> 
- 
c 
4 
° 
> 
3 
a 
y 
b= a) 
c 
uv 
° 
a 
a 
7° 
c 
9 


All strips approximately 
1 em. wide. 


Y-EV 


Fig. 3. Typical graphs of lateral 
deflection (modified by pleat curva- 
ture) plotted against 1/ VP. Dashed 
lines show the deviation from linear- 
itv of the First Order Theory. 


, modified — Carbitrary origin )- 


ection 


- LEGEND - 


Def! 


Lateral 


Adjusted Data - Straight Line of Best Fit 


—-——— Curve of Best Fit-— First Order Theory. 


5 40 30 25 2098 16 4 12 


Applied Tension (grams) — Reciprocal Square Root Scale. 
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B, C, D, E, and 
functions of So, yo, po, a, 8, and @. 


F are all 


However, since 


The parameters A, 


the terms inside curly brackets in Equations 10 
and 13 can be identified as the first two terms of a 
Taylor series expansion about @, it is evident that 
both A and D are independent of @ to a first order 
in the small term (yo/4 — 6). The last term shown 
for B, and also for &£, 


from the opening out of CD itself (ignored in the 


is a component resulting 


previous discussion to simplify exposition). 

For any given experimental range, @ can in 
principle be selected so as to minimize errors result- 
ing from linearization of Equation 6. Once this 
has been done the smail/ terms B, C, E, and F can 
be regarded as constants, in fact those which permit 
the best possible fitting of the data by Equations 8 
and 9, 


the absolute values of /) and Y, 


Because of experimental uncertainties in 
no possibility exists 
of attaching any particular significance to the 
parameters C and F. Also the general complexity 
of the terms for B and E prevents any significance 
the latter 
Thus B, C, E, and F serve a purpose only 
in data fitting by Equations 8 and 9, but A and D 


from being attached to the value of 
either. 
have a more fundamental significance; see Equa- 
tions 16 and 17 below. 


Application to Experimental Data 
(Evaluction of parameters A, B, C, D, E, and F) 


Equations 8 and 9 can be fitted to the experi- 
mental data by standard methods of least squares 
fitting. The goodness of the fit can be studied 
graphically in particular cases by grouping all terms 
except those in P~?, the grouped expression being 
then plotted against P The unknown constants 
in Equations 8 and 9 can be regarded as combined 
the and F 


by the method of least squares. 


with parameters C when evaluated 

If yo/4 — @ can be regarded as small (which is 
certainly true in the low load region), Equations 10 
and 13 simplify to 


A = 4 vers 7 So! (16 


and 


(17) 


There is now the advantage that A and D may 
be determined by maximum likelihood fitting of 
data extending into the higher load region where the 
‘ideal pleated elastica model” is no longer valid. 
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From Equations 16 and 17 we find that 


~~ = tan 
2D a 


and 
A? + 4D" 


3 
8A 


(19) 

Thus the results may be employed to make an 
assessment of initial pleat angle and initial fabric 
stiffness. It does not appear practical, however, to 
employ the analysis described above to make an 
estimate of the radius of curvature at the pleat, 
since the parameters B and E incorporate terms 
due to a and £8, while terms C and F each incor- 
porate a constant uncertainty. In any case the 
radius of curvature is readily measured from an 


optical projection of the pleat. 


Analysis of Experimental Data 


The extended theory outlined above has been 
applied to the experimental data given in a pre- 
vious paper [1 }, in which details of fabric specifica- 
tions, method, and times of pleat formation appear. 
Essentially all pleats were formed by folding and 
compressing to a standard separation between 
parallel (chemically inert) plates, which were in- 
serted in boiling water for various selected times. 
Experimental values of longitudinal extension and 
lateral deflection as functions of the applied tension 
were based upon the “equivalent hysteresis-free”’ 
load-extension diagram described in the previous 
paper. 

As described therein, the total jaw separation 
(d + e) at each tension value was divided by the 
factor 1 + aP, where a is a stretch coefficient based 
upon an auxiliary experiment on an adjacent un- 
pleated strip of the same fabric. 
ment, values of de 
1+ aP 
one fixed set of values of the tension P. 


For each experi- 
and Y were deduced for the 


The latter 
procedure was found to lead to appreciable simpli- 
fications in the subsequent reduction of the data 
by the method of maximum likelihood. Values 
of A, B, D, and E and also values of yo and S, 
deduced from these are set out in Table I. 

Figures 2 and 3 have been plotted to correspond 
with Figures 8 and 9 respectively of the previous 
paper [1 }. 


However, they have been modified by 


F d+e d+e 
replacing i+ oP by i+ aP 


Y — EvP; see Equations 8 and 9. 


+ BvyP and Y by 
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TABLE I. Parameters Evaluated by Least Squares Fitting to Data of Equations 8 and 9 


Time of 1, B, 


: D, 
formation g.3cm. ! 

.3827 
.3226 
3651 
3618 
.3377 


0226 
0167 
0149 
0014 
0037 


1 min 

2 min 
74 min 
30 min 

1 hr 


Values obtained for the initial pleat angle yo 
show no significant trend with time of treatment, 
suggesting that a final value of yo is approached 
even for quite short times. The values deduced 
for fabric stiffness also show no significant trend. 
Variations are such as might be expected among 
different samples. 

A reduction in curvature, hence in the value of 
Poyo, might be expected to lead to a reduction in 
magnitude of both B and £, possibly to a reversal 
of sign. Such an effect would be expected to ac- 
company an increase in the time of pleat treatment. 
Also, if @ is approximately 45° or a little less, E 
should be of the order of $B if the 8 term is not the 
in the region of smaller treat- 


1] 14). The 


results in Table | support these general contentions. 


dominant one, e.g., 


ment times (see Equations and 

The high degree of linearity exhibited by the ex- 
perimental results, as shown in Figures 2 and 3, 
demonstrate the remarkable effectiveness of Equa- 
tions 8 and 9 for describing the elasto-mechanical 
behavior of these pleats in extension. In view of 
the small magnitude of deviations from the maxi- 
mum likelihood fit, a simplified approach would be 
to deduce values of A and D (hence yo and S») from 
manually drawn curves of best fit to the data plotted 
as in the earlier paper [1]. By selecting three 
points on each curve reasonably well spaced apart, 
three equations could be set up from which B and C 
could be quickly eliminated to determine A ; simi- 
larly, & and F could be eliminated from another set 
of three equations in order to determine D. 


Conclusion 


A satisfactory model to represent the hysteresis- 
free elasto-mechanical behavior of sample pleated 


g.” 


.0120 
0158 
0121 
.0036 
.0032 


E. A v0 v0, 


aii A?+4D? _ 
icm. 2D ei 


s4.-" 


.3972 
.3268 
3844 
.3860 
.3491 


mw 


> 


Wm e™iv 


m DO 


strips in an extensometer can be based upon an 
elastica consisting of a central portion of constant 
radius of curvature joining two straight portions 
A mathe- 


matical representation of this model may be fitted 


tangentially (in the unloaded state). 


by maximum likelihood procedures to the data for 


longitudinal extension and lateral deflection 


Vs. 
deviations. 


From the data thus obtained a theoretical estimate 


tension, with only small resulting 
of the initial pleat angle (i.e., the deflection angle of 
the unloaded elastica) may be deduced, and also a 


values 
have the merit of being based upon pleat perform- 


measure of initial fabric stiffness. These 


Further 
simplification is permissible with only minor loss of 


ance for a range of applied tensions. 


precision if it is desired to use the technique for 
routine testing of pleats. 
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Weathering and the Resulting Chemical Changes 
in Some South African Merino Wools 


D. F. Louw' 
Deutsches Wollforschungsinstitut, Aachen, Germany and Laboratoire de Chemie 
Biologique et de la Nutrition, Université Libre de Bruxelles, Belgium 


Abstract 


Differences in chemical composition between root, middle, and tip sections of a num- 
ber of normal crimped and of copper deficient steely South African Merino wools have 
been investigated, as well as the influence of these differences on such factors as acid 
dye absorption, alkali solubility, and urea-bisulfite solubility. In normal 
wools the loss in cystine and tryptophan and increase in cysteic acid reveal the extent 


the case of 


of hydrolytic and oxidative weathering damage and explain subsequent changes in 


solubility and dye absorption. 


The conclusion is reached that copper-deficiency retards fiber keratinization which 


can, however, continue during aging and weathering of steely wools on the animal's 


back, resulting in increased cross-linking. 


Variations in amino acid content of root and tip sections of normal and steely wools 


have been found. 


Introduction 


Partly in an effort to obtain methods for evaluating 
the extent of weathering damage in a specific sam- 
ple, total sulfur [24], cystine [30], cysteine | 30, 34], 
tryptophan [31] and tyrosine |[1, 9] have been as- 
sayed. In addition, such factors as dye absorption 
characteristics |7, 21, 24, 29, 32, 33], alkali [10] 
and acid solubility [35], and solubility in urea-bisul- 
fite solution [14, 16, 25] have been determined by 
various research workers. Recently the ninhydrin 
test |17, 30] has been added to the impressive series 
of chemical and physico-chemical tests. 

The main trend of these studies in the past had 
been to subject a specific wool sample to such treat- 
ment as ultraviolet radiation or exposure of a chosen 
fleece to sun and rain in order to continue the natural 
weathering that had already taken place on the 
sheep’s back. In a few cases it had been shown that 
the extreme tips of wool fibers differed from the 
protected lower portions [24]; this resulted in the 
more or less general practice of removing approxi- 
mately the tip third of the staple on the assumption 
that the lower two-thirds was undamaged. 
this Institute has indicated that 
We 
South African Wool Textile Research 
Grahamstown. 


Recent work at 
this assumption often leads to erroneous results. 


1 Present address 
Institute, 


have found that in numerous cases weathering dam- 
age extends down into the middle parts of wool 
staples and in exceptional examples may even be de- 
It has 
therefore become standard practice in investigations 


tected in the root sections as well |29, 30]. 


of weathering damage to wool on the sheep's back to 
cut the wool staple into three or four sections: tip 
(T), middle (M), and root (R) or tip (T), 
middle (TM), (RM), and 
and to analyze each section separately. 


tip- 


root-middle root (R) 
In this way 


dye absorption [29], reaction with ninhydrin [17, 


30], cystine and cysteine content [30], and trypto- 


phan content [31] have been estimated, and it has 
been possible to establish an interrelationship of these 
factors as well as a correlation of these with the 
“quality” classification of wool appraisers. 

It has now become necessary to obtain an over-all 
picture of actual weathering damage as can be as- 
sessed by the various methods available when applied 
to a fiber section (R, M, or T). This could give an 
indication of the interdependence of such tests and 
probably of their validity as measures of the extent 
of weathering damage. Furthermore, information 
on changes in the chemical constituents could throw 
light on the processes taking place during weathering 
on the sheep’s back and of their relative importance. 


A few samples of morphologically deviating wool, 
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so-called steely wools which lack the usual well- 
defined crimp as a result of a trace element deficiency 
in the sheep’s diet, have been analyzed in addition to 
the normal types in the hope that possible differences 
in behavior and/or composition may throw light on 
Steely 
wools are known to be physically weaker [18, 19] 


the course and effects of weathering in wool. 


and to contain more sulfydryl groups and fewer di- 
sulfide linkages than comparable normal wools [2, 
4, 23]. 


deficient type. 


The samples studied were of the copper- 


Wool Samples 


The work reported here concerns an analysis and 
investigation of two samples, A and B, of normal 
good quality South African Merino wool from the 
(Somerset East) Karoo Area and three samples, C, 
D, and E, of wool from sheep from coastal belt pas- 
tures with a copper deficiency. 


These latter wools 
Sample C 
from Mossel Bay has steely roots, but normal tips; 


are steely to a greater or lesser extent. 


Sample D from Vredenburg on the other hand has 
steely tips but crimped roots; and Sample E from 
Darling is steely from tip to root as a result of 
copper deficiency in the sheep’s diet throughout the 
total period of growth. 

These five samples were cut into either three or 
four sections each as mentioned above and were then 
purified separately and treated or analyzed by the 
various methods described below. 


Purification of Wool Sections 


A wool section is rinsed twice in ether in order 
to remove excessive wool grease and is allowed to 
dry at room temperature. It is then steeped in a 
0.5% nonionic detergent solution at 50° C. (liquor 
ratio 50:1) and left with occasional stirring for 30 
min. without further heating. The excess water in 
the wool is pressed out, the wool rinsed with cold 
distilled water, and the process repeated with a 0.1% 
nonionic detergent solution at 40° C. 
30:1). 


After being pressed out and rinsed, the wool seccion 


(liquor ratio 


is soaked thrice for 30 min. in successive baths of cold 
distilled (liquor ratio 30:1) and is then 
squeeze-dried between layers of filter paper and 


water 


allowed to dry at room temperature after slight 
opening up. 

Final purification is effected by Soxhlet extraction 
for 4 hr. each with alcohol and ether, followed by 


463 


Residual 
vegetable matter and sand is then removed by careful 


drying of the wool at room temperature. 


teasing out; in this way satisfactory mixing of the 
section is also achieved. 
RH and 20° C. the 


colored bottle. 


After equilibration at 65% 


wot »] is 


stored in an amber- 


Methods of Analysis and Testing 
Cystine and Cysteine 


The modified procedure, according to Zahn and 
Traumann [34], of the phosphotungstic acid method 
was applied. 


( “‘ysteic Acid 


Diehl [6] modified the high-voltage electropho- 
retic estimation of cysteic acid in protein hydroly- 
sates as developed by Zuber, Ziegler, and Zahn [37] 
to make it applicable in laboratories using standard 
equipment of +280 volt DC. The author found that 
electrophoresis in the Elphor H (Bender and Ho- 
bein) for 4 hr. at 200 volts DC at a current of 
12-18 mA per 6 paper strips saturated with pyridine- 
acetic acid buffer (pH 3.5) resulted in satisfactory 
separation of cysteic acid from the other acidic amino 
acids. By subsequent color development with nin- 
hydrin solution, stabilization nitrate 
reagent, and colorimetry of the eluated copper com- 


with copper 
plex the quantity of cysteic acid in the wool hydroly- 
sate could be calculated from a standard treated in 
exactly the same way. 


Tyrosine 


The method described by Fritze and Zahn [8] was 
applied making use of the classical Millon reaction 
of phenols with HNO, in the presence of Hg** 


Tryptophan 


Hydrolysis of wool at room temperature in con- 
centrated HCl and simultaneous development of the 
blue color by reaction with p-aminobenzaldehyde 
were carried out as described in the original method 
by Mazingue, Decroix, and van Overbéke [20]. 


a-Amino Nitrogen 


A method incorporating the modifications by Ken- 
drick [13] and Kainz [11, 12] as applied to the 
van Slyke method [28] based on the reaction of 
Only 
four samples, root and tip sections (AR and AT) 


a-amino acids with nitrous acid was used. 
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of a normal wool and root and tip sections (CR and 
CT) of a wool with steely roots, have been analyzed 
in this manner. 


Column Chromatographic Analysis 


The rapid separation technique of Moore, Spack- 


man, and Stein [22] was applied to wool hydroly- 


sates for full amino acid analysis on Amberlite IR- 
120, while ‘cystine’? was assayed by performic acid 
oxidation according to Schram, Moore, and Bigwood 
|26] and chromatographic separation on Dowex-2 
with 0.1 V 


is estimated by determining cysteic acid 


monochloracetic acid. In the latter case 
"ey stine”’ 
and corresponds to the total of cystine, cysteine, and 
cysteic acid present in the wool sample. An oxida- 
tion factor of 0.82 was assumed for the reaction with 
performic acid in view of the findings of Kimmel, 
Thompson, and Smith [15] for bovine serum al- 
bumin. 

Hydrolysis of wool for Moore and Stein analysis 
was carried out by refluxing 55 mg. of purified wool 
of known moisture content for 22 hr. in 200 ml. of 
glass-distilled 6 N HCL. 


amino acids assayed, hydrolysates were prepared as 


In the case of the single 
prescribed by the authors referred to. 


Acid Dye r {bsorption (ADA) 


The slightly modified method of Elod and Reutter 
[7] was applied to estimate the absorption of Crystal 
Red 6R solution at 


Ponceau Extra from a 0.5% 


Go” «,. 


Alkali Solubility (AS) 


The solubility of wool in 0.1 NV’. NaOH at 65° C. 
was determined according to the modified procedure 
of Harris [10]. 


Urea-Bisulfite Solubility (UBS) 


The Lees and Elsworth method [16] for UBS 
prescribes a solution containing 50% urea and 3% 
sodium bisulfite at 65° C. A solution neutralized to 


pH 7 + 0.1 was made up fresh for all determinations. 


Results 


The results of the various chemical analyses, solu- 
bility tests, and dye absorption are given in Table I; 
results of the column chromatographic analyses, cor- 
rected for losses during hydrolysis according to Cor- 


All these 


field and Robson [5], are in Table II. 
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values are calculated on the basis of 100 g. of bone- 
dry wool. Analytical values for the valine and 
cystine content of sections AR, ER, and ET (see 
Table IL) were not estimated due to overlapping 
resulting from untimely changeover from buffer pH 
3.25 to 4.25. Satisfactory separation is, however, 
attainable by a changeover immediately after the 
elution of cystine. 


Discussion 


In the case of the two normally-crimped wools (A 
and B) there is a marked decrease in cystine content 
from root to tip, especially so from middle to tip, and 
a slight increase in free cysteine, confirming the 
results of previous workers in this field. The in- 
crease in cysteic acid is quite noticeable from an 
almost immeasurably small quantity in the sound 
root sections to +0.2% in the weathered tips. 

The three samples of steely or partly steely wool 
(C, D, and E) also show a decrease in cystine con- 
tent from root to tip, and it is to be noted that these 
wools contain less cystine than normal. The cysteine 
content of copper-deficient root sections is abnormally 
high, but the content of this amino acid in the tip 
sections is at a level only slightly above normal. 
The cysteic acid content of a steely root section is 
relatively high, while the value for the tips is about 
four times higher than -for normal wool. Since 
cysteine is abundant in the so-called pre-keratinized 
zone of the normal wool fiber and later decreases, 
being transformed into cystine until the fiber emerges 
from the skin, the conclusion is drawn that the root 
sections (R) of copper-deficient steely wools are in- 
completely keratinized. 

The process of keratinization could be catalyzed 
by free copper ions present in the follicle itself or 
in the pre-keratinized zone of the fiber. In_ this 
connection Burley [3] has claimed a higher copper 
It is, 
however, also possible that the basic role played by 


content for normal than for steely wools. 


copper is involved at another stage in the complex 
metabolism of the sheep. The reaction in which two 
molecules of cysteine are linked by oxidation to form 
one molecule of cystine will proceed slowly, when not 
catalyzed, to the extent permitted by steric relation- 


A minimum or threshold value for cysteine 


ships. 


content of a fully keratinized protein fiber can there- 
fore be visualized. In the case of copper-deficient 
wool fibers emerging from the follicle, keratinization 
can continue under atmospheric conditions with the 
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TABLE I. 
CySH, 


oF oF 
/O0 /O 


Dia., 
Description m 


Normal 
AM Normal 
Al Normal, weathered 


20.9 
20.5 
16.8 
BR Normal 21.8 
BRM Normal 21. 
BTM Normal ra P 
BI Normal, weathered 


0.21 1 
0.22 1 
0.34 1 


2. 
2 


1 
4 
1.1 


0.21 12.4 
0.21 12.4 
0.22 $2.3 
0.33 10.8 


1.15 11.1 
0.42 11.1 
0.41 10.4 


0.37 11.1 
0.49 10.3 
0.43 9.5 


1.06 10.8 
0.46 11.1 
0.35 10.0 


CR Steely 
CM Partly steely 
fe | Crimped, weathered 


DR Crimped 
DM Partly steely 
D1 Steely, weathered 


ER Steely 
EM Steely 
El Steely, weathered 


disappearance of cysteine and formation of cystine, 
very appropriately illustrated by comparison of the 
values obtained for CR and CM and ER and EM. 

Prolongation of atmospheric attack leads to de- 
struction of cystine by oxidation and hydrolysis. 
This is the case during the growing period of six 
to twelve months on the sheep’s back during which 
an initial sound root wool becomes a weathered tip. 
The decrease in cystine and the increase in cysteic 
acid have already been mentioned. Furthermore, 
the probable formation during this process of small 
quantities of fairly stable lanthionine has to be con- 
sidered. It will be realized that the process of kera- 
tinization as visualized above for steely wools, having 
been continued for approximately four months after 
the appearance of the fiber above the skin level, has 
then run its full course, indicated by the low cysteine 
content of CM and EM, to the limits allowed by 
steric relationships, and a subsequent loss of cystine 
from middle to tip can be expected. 

It should be noted that steely wool seems to be very 
susceptible to attack by weathering. This higher 
vulnerability in comparison with fully keratinized 
fibers is revealed in the marked increase in cysteic 
acid content. The more protected root-third sec- 
tions of steely wools contain more cysteic acid than 
even badly weathered crimped tips. 

In connection with actual analytical procedures, 
attention is drawn to the fact that methods available 
for cysteine assay are unsatisfactory. There is rea- 
son to believe that the actual cysteine content of a 


normal root wool is lower than the 0.2% to 0.3% 


(CyS)2, CySO;3H, 


Analyses of Sections of Wool Samples 


Tyr, Try, a-NHz2, 
% g o oy 
0 7/0 /0 0 


0.05 6.4 
0.07 6.3 
0.17 7.0 


0.93 
0.89 
0.82 


0.97 
0.90 
0.85 
0.83 


0.69 
0.89 
0.82 


0.86 
0.69 
0.66 


0.58 
0.66 
0.66 


0.12 


0.17 


0.35 
0.36 
0.90 


TABLE II. Amino Acid Content of Sections of 
Normal and Copper-Deficient Wool 


Normal Copper-deficient 
Section Section Section Section 
AR AT ER ET 


Asp 
Thr 
Ser 
Glu 
Pro 
Gly 
Ala 
Val 
Met 


Iso-leu 


—. 


-uUnmnu 


—> 


n 


6.1 
5.6 
8.2 
12.6 
4.6 
4.0 
3.3 


- — CO Nm ht 
—-OoOwr 


~awunnuv 
o 


—" 
wwuw ou 


Cow w 
“I oS Ww 


0.6 
2.9 
Leu 7.1 
Tyr 4.4 
Phe : 3.7 
Lys 5 2.8 
His 0.8 
Arg 9.0 
NH : ; 2.0 


stm aw 
“de Ww 


ww unt w 


found by the phosphotungstic acid method, values 
which have been confirmed by various other workers 
also when using other analytical procedures, and 
possibly closer to the 0.1% found by Zuber et al. 
[36] in the DN P-method. 
therefore, be premature to offer an explanation for 
the higher cysteine values found for crimped tip sec- 


While it would perhaps, 


tions as compared with the corresponding roots, a 
hydrolytic process of decomposition of cystine, cou- 
pled with a steric barrier towards reoxidation of 
cysteine formed, could be visualized, although the for- 
mation during weathering of aldehydes also has to 
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be considered. These aldehydes will react along the 
same lines as free sulfydryl in the method used for 
cysteine analysis. 

A discrepancy has also been detected between 
values for “cystine” as obtained by this method and 
by the column chromatographic method of Schram, 
Moore, and For ER and ET the 
latter method yielded 10.9% and 10.1% ‘“‘cystine” 
respectively, being cystine + cysteine + cysteic acid, 
in comparison with (108+ 1.04 0.3) = 12.1% 
and (10.0 + 0.3 + 0.9) = 11.2% respectively by the 
phosphotungstic acid method. 


sig wood | 26}. 


This latter method 
is generally accepted in wool analysis, and the reasons 
for these differences are now being investigated. 
Corfield and Robson [5] have also reported the 
phosphotungstic acid method to give results 20% 
higher than their chromatographic estimation and 
preferred the latter because of better agreement with 
values for total sulfur. 

The influence of weathering and of the continued 
keratinization of steely wool on the disulfide link- 
ages is very noticeable in the results for alkali solu- 
bility, dye absorption, and urea-bisulfite solubility. 

A decrease in cross-linking of a protein through 
disulfide bonds could be expected to result in an 
increase in alkali solubility (AS) and vice versa. 
This is confirmed by comparison of results for the 
various root and tip sections of the crimped wools. 
The higher cysteic acid content of the normal tip 
fibers is also reflected in the higher AS. The very 
high AS for CR and ER is especially noticeable, as 
ER to EM 
has brought the AS of this fiber back to normal. 

Similarly acid dye absorption (ADA) will reflect 


well as the fact that keratinization from 


the degree of cross-linking through disulfide bonds, 
because these covalent bonds will restrict swelling of 
fibers in the aqueous solutions. Rupture of disulfide 
linkages increases the ADA from root to tip (see 
results for AR and AT and BR and BT respectively ). 
This peculiar behavior of weathered tip sections of 
fibers is known to the trade as “tippy dyeing.” In- 
complete keratinization results in abnormally high 
ADA values for CR and ER, while continued kera- 
tinization returns these characteristics to normal. 
Kessler and coworkers | 14, 25] have explained the 
decrease in urea-bisulfite solubility (UBS) of wools 
treated with dilute alkali by assuming that disulfide 
exchange takes place with transformation of intra- 
Such 


a decrease in UBS is, however, also to be expected 


chain disulfide bonds to interchain linkages. 
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when protein-bound cystine is decomposed to lan- 
Both reactions are favored by high pH, 


thionine. 


as would be the case in the presence of alkaline suint. 
It would be preferable at this stage to ascribe the 
10-15% decrease from root to tip of all samples to 
the formation of lanthionine, which is relatively stable 
to bisulfite, because it is still a debatable point 
whether the newly formed interchain disulfide bonds 
(according to Kessler) are less labile towards urea- 
bisulfite solution than the existing or intrachain link- 
ages. Swan |27]| has recently also rejected the ex- 
change theory and put forward the hypothesis that 
configurational changes in the hydrogen-bond struc- 
ture of the protein, or denaturation, may be responsi- 
ble for the decrease in UBS observed under these 
circumstances. No sufficiently accurate routine anal- 
ysis to establish the conversion in wool of cystine to 
lanthionine is available yet to disprove the argument 
that this reaction could be the basis of changes in 
UBS. 

Various other chemical components of wool keratin 
are attacked by oxidative, hydrolytic, and other proc- 
esses involved in weathering. Thus approximately 
one fifth of the tryptophan present in sound crimped 
root wools is destroyed by atmospheric oxidation ; 
it is believed that the decomposition products are 
Attention 


values are cited in the 


partly responsible for yellowing of wool. 
that 
literature for the tryptophan content of Merino wool, 
0.9% 


is drawn to the fact 


varying from 0.6 to 2.0%. Values of now 
observed correspond to those arrived at by Veldsman 
[31], whose finding that copper-deficient root wools 
contain less tryptophan than sound root fibers and 
approximately as much as weathered crimped wools 
has been confirmed. 

Weathering also results in an increase in the 
tyrosine content of normal wools. This could be 
explained by the oxidation of phenylalanine accord 


ing to Graham and Statham [9] 


C,H,CH.CH (NH,) COOH 
— HOC,H,CH.CH(NH,)COOH 


or by assuming that during the growing period of 
the fleece, part of the cuticle layer, being relatively 
poor in tyrosine, is lost by rubbing off, as proposed 
by Zahn (private communication). Values for chro- 
matographic and colorimetric analyses for tyrosine 
do not agree closely, and some uncertainty arises 
about the decrease in tyrosine content from ER to 
ET as given in Table II but not found (see Table 1) 
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by the colorimetric method of Fritze and Zahn [8]. 
Column chromatographic analyses have indicated an 
increase in tyrosine content but no loss of phenyl- 
alanine, which could possibly point in the direction 
of the second explanation. It must, however, be 
borne in mind that the fiber sections analyzed, being 
taken from selected wool staples, were grown under 
different grazing (nutritional) conditions and there- 
fore cannot be compared on an equal basis. Further 
work in this connection will be undertaken. 

The nutritional differences also have to be con- 
sidered in viewing the amino acid analyses given in 
Table I]. The only appreciable differences, although 
they cannot be ascribed to weathering alone, are an 
increase in aspartic acid (5% ), glycine (20% ), iso- 
leucine (10% ), leucine (7% ), and tyrosine (16% ) 
and a decrease in threonine (10%) and _ proline 
(8% ) in the case of the sample of normal wool; 
and an increase in alanine (6% ) and phenylalanine 
(6% ) and a decrease in proline (10% ) and tyrosine 
(15% ) in the steely wool. 

The normal and steely root sections differ only in 
serine, glutamic acid, and tyrosine, all of which are 
less abundant in the normal wool. The normal tip 
sections, on the other hand, contain more proline, 
glycine, iso-leucine, leucine, and tyrosine than the 
steely tips but less threonine, serine, and glutamic 
acid, 

An a-amino content of 0.17% for AT as compared 
with 0.12% 


peptide chains are hydrolyzed during weathering. 


for AR indicates the possibility that 


The copper-deficient root wool (CR) contains as 
many a-amino groups as the weathered normal wool 
tips (AT) and warrants the assumption of shorter 
chain lengths in the latter case, as was postulated by 
Burley [3]. 


firmed by the author through separation of DNP- 


The results of Burley have been con- 


amino acids on a nylon column. 


Summary 


1. Weathering of normal good quality wool on the 
sheep’s back results in destruction of cystine and for- 
mation, among others, of cysteic acid and probably 
also of cysteine and lanthionine. 

2. This considerable rupturing of the covalent di- 
sulfide linkages of cystine leads to increased dye ab- 
sorption and higher alkali solubility of weathered 
tips of wools in comparison with the sound root 


sections. 
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3. The decrease in urea-bisulfite solubility of wool 
upon weathering could result from the formation of 
a small number of lanthionine linkages. 

4. Weathering destroys about 20% of the trypto- 
phan present in normal wool, but the tyrosine content 
increases by about 10% from root to tip. 

5. Differences of varying magnitude are encoun- 
tered in the amino acid composition of sound and 
20% 


increase in glycine content and a decrease of 10% 


weathered wools, the most marked being a 


in threonine. 

6. Weathering increases the a-amino content of 
normal wools by about 50%, probably due to peptide 
hydrolysis. 

7. Copper-deficient root wools contain less cystine 
and more cysteine than normal wools and are re- 
garded as incompletely keratinized. Normal tip 
wools contain more cystine and tryptophan, but less 
cysteine, than steely tips. 

8. The process of keratinization can continue dur- 
ing aging in vivo of the copper-deficient fiber to a 
limit which is probably dependent on steric factors. 

9. The 


linkages upon further keratinization during aging of 


formation of additional disulfide cross- 
steely root wools returns the abnormally high alkali 
solubility and dye absorption to levels associated 
with normal weathered wools. 

10. Judging by the cysteic acid content, steely 
wools are more vulnerable to attack by weathering 
than normal crimped types. 

11. Copper-deficient wools have a high a-amino 
content, probably reflecting the presence of shorter 
peptide chains than in normal fibers. 

12. The over-all amino acid composition of normal 
and copper-deficient steely root wools is very similar, 
although the latter contains slightly more serine, 
tyrosine, and glutamic acid. 
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AS ye 
Acid Hydrolysis of Chemically Modified Celluloses 


Department of Chemical Technology 
University of Bombay 

Sombay—19, India 

March 1, 1960 


To the Editor 
TEXTILE RESEARCH JOURNAL 
Dear Sir: 

As compared with data available in literature on 
the action of acids on cellulosic fibers, investigations 
on acid hydrolysis of chemically modified cellulosic 
David- 
son [5] and Pacsu [7] observed that periodate oxy- 
celluloses resisted the 


fiber substances are comparatively very few. 


dilute acids 
fairly well but they were easily degraded by alkali. 


Virkola [9], during the studies in the relation be- 


action of cold 


tween DP values of cellulose determined in alkaline 
solvents and those determined by nitrate method, 
found that DP values of periodate oxycelluloses in 
alkaline solvents were low, whereas DP values of 
reduced periodate oxycelluloses determined under 
similar conditions corresponded with each other irre- 
spective of the degree of oxidation. However, the 
values for nitrate DP of the reduced samples were 
surprisingly low, indicating that these oxycelluloses 
were degraded considerably by the nitrating acid. 
In the present work are given results of preliminary 
experiments on the action of dilute sulfuric acid on 
oxycelluloses prepared by the action of potassium 
metaperiodate and a mixture of potassium dichro- 
mate and oxalic acid together with those on their 
respective reduced forms obtained by sodium boro- 
hydride reduction. Further work on the kinetics of 
hydrolysis of cellulose modified by chemical treat- 
ments such as oxidation, reduction, and cross-linking 


and characterization of the products of hydrolysis 
with respect to density, swelling, accessibility, etc. 
is in progress. The results will be published in due 
course. 

Periodate oxycelluloses and dichromate oxalic acid 
oxycelluloses were prepared from standard cellulose 
obtained from Indian cotton by the action of 0.01 WM 
KIO, at pH 5.6 and 30° C. for various lengths of 
time and with different amounts of 2 N K,Cr.O, 
added to 2 N oxalic acid containing suspended cellu- 
lose at 30° C. respectively. Reduced forms of these 
oxycelluloses were obtained by treatment of each of 
the respective samples with 0.05 M NaBH, at 30° C. 
for 24 hr. 
loses, and reduced oxycelluloses was carried out 
using 6 VN H,SO, at 30 + 1° C. for different periods, 
the material: liquor ratio being 1:50. 


Hydrolysis of standard cellulose, oxycellu- 


After hydroly- 
sis the samples were washed free of acid with dis- 
tilled water, air dried, and brought to equilibrium 
RH and 30° C. Copper 


number of the samples was determined by the modi- 


moisture content at 65% 


fied method of Braidy [3]; the basic DP was caleu- 
lated standard 
cuprammonium hydroxide solutions containing the 


from viscometric measurements of 
samples by the method suggested by Battista [2]. 
In case of periodate and dichromate-oxalic acid oxy- 
celluloses, viscometric measurements were carried out 
after reduction of the original and hydrolyzed sam- 
ples with NaBH, because the original oxycelluloses 
were alkali-sensitive and showed considerably re- 
duced DP due to the strong alkaline action of the 
solvent. The reduced forms of both periodate and 
dichromate-oxalic acid oxycelluloses were found to be 
nonalkali-sensitive and therefore DP of these prod- 


ucts before and after hydrolysis could be carried out 
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TABLE I 


Copper number DP 


After hydrolysis for 


Sample Original 


Standard cellulose 0.005 


4.75 


7.20 


K-metaperiodate (a 
oxycelluloses (b 


Periodate oxycellulose 


a) reduced with NaBH, 0.005 


Periodate oxycellulose 


b) reduced with NaBH, 0.005 


After hydrolysis for 
8 hr. 


0.75 


Standard cellulose 


0.005 


kK Cr.0-;-oxalic acid 
oxycelluloses 6.3 
8.0 


2.9 7 


KeoCrO--oxalic acid 


oxycellulose (a) reduced 


with NaBH, 


KeCreO;-oxalic acid 
oxycellulose (b) reduced 
with NaBH, 

K»CrsO;-oxalic acid 


oxycellulose (c) reduced 


with NaBH, 0.005 


directly from viscosity of the respective cupram- 


monium solutions. Results are given in Table I. 
Under identical conditions of hydrolysis, periodate 
oxycelluloses resist the acid action fairly well as 
compared with the unoxidized sample ; with increas- 
ing degree of oxidation, resistance to acid attack 
DP of standard cellulose 
drops from 2600 to 866, while that of periodate 


increases. For instance, 


oxycellulose with copper number 4.75 decreases from 
1610 to 1135 and of oxycellulose with copper num- 


? 


ber 7.2 reduces from 1400 to 1025. This resistance 


to acid action can be attributed to the formation of 
acetal cross-linkages between the aldehyde groups in 


position 2 and 3 of the glucose unit and the hydroxyl 


groups of the adjacent cellulose chains in the presence 


of the acidic hydrolyzing medium. Formation of 
such linkages in acidic media has been proposed by 
Rogovin and co-workers [8] and confirmed by 
Anthoni [1] from the increase in molecular weight 
of these oxycelluloses after nitration. The cross- 
linked cellulose structure prevents the access of the 
hydrolyzing acid to the sites of reaction with the 
result that these oxycelluloses become resistant to 
acid hydrolysis. The reduced forms of periodate 


oxycelluloses are not resistant to acid action, and 


After hydrolysis for 


7 hr. 


7 hr. Original 


0.62 
4.91 


7.29 


2600 


1610 
1400 


866 


1135 
1025 
0.20 


1610 400 


0.18 1400 380 


After hydrolysis for 
8 hr. 48 hr. 


2600 758 500 


1380 
1230 645 
970 


48 hr. 
2.47 
5.47 


10.21 


1380 


2.4 $20 


their DP decreases from 1610 to 400 and 1400 to 
380 depending on the extent of oxidation taking 
place. It is very likely that, during periodate cxida- 
tion and subsequent borohydride reduction, the fine 
structure of cellulose has become more accessible to 
acid action, with the result that the reduced form of 
these oxycelluloses are more readily attacked by the 
hydrolyzing acid as compared with the correspond- 
ing oxycelluloses. Although these two reduced forms 
have been obtained from periodate oxycelluloses with 
different degrees of oxidation (copper number 4.75 
and 7.2 respectively), the final DP obtained as a 
result of acid action in both cases is nearly the same 
(400 and 380 respectively), a value which is close 
enough to the leveling off DP value obtained after 
hydrolysis of standard cellulose (viz., 370 under iden- 
tical conditions of acid action [4] ). It is interesting 
to note that, with these reduced forms, although the 
acid action has brought about considerable reduction 
in lengths of cellulose chains, the copper numbers of 
the hydrolyzed products show only a slight increase. 
Virkola [9] also made similar observations where 
the reduced periodate oxycellulose on treatment with 
HCl showed a considerable drop in DP from 1080 
to 310 but the copper number of the original and 
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hydrolyzed samples were 0.1 and 0.04. No satis- 
factory explanation is yet available for this anomalous 
behavior but it may be possible that the short chain 
segments formed during hydrolysis might have been 
leached out of the samples by the aqueous acidic 
medium. 

In the case of K,Cr,O,-oxalic acid oxycelluloses, 
where most of the oxidizing action has taken place 
at C atom number 6 of the glucose unit [6], unlike 
periodate oxycelluloses, acid action results in a de- 
DP 1230 to 645 
sponding reduced form shows a reduction from 1230 
to 615. Similarly, other reduced K,Cr,O,-oxalic 


crease in from while its corre- 


acid oxycelluloses in which oxidation has been car- 
ried out to different stages show reduction in DP 
values depending on the extent of oxidation and 
duration of hydrolysis. In general, the extent of 
reduction in DP values of K,Cr,O,- oxalic acid oxy- 
cellulose and its corresponding reduced form for 
identical conditions of acid action is nearly the same. 
In the case of these oxycelluloses and their reduced 
forms, unlike periodate oxidation and subsequent 


47] 


reduction, the extent of reduction in DP is associated 
with a corresponding rise in the copper number of 
the hydrolyzed samples. 
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Book Review 


Friction in Textiles. H. G. Howell, K. W. 
Mieszkis, and D. Tabor. New York, Textile Book 
Publishers, and Butterworths, 


London, 1959. xi 


+ 263 pages. Price $6.75. 


Reviewed by W. James Lyons, Textile Research 
Institute, Princeton, New Jersey 


This monograph, as the authors call it, was written 
with two types of readership in mind: research 
workers who are interested in an understanding of 
the basic phenomena involved in friction in textiles, 
and textile technologists who are seeking informa- 
tion that can be applied to overcoming problems 
posed by fiber friction in processing or in the proper- 
ties of the end-product. To reach this supposedly 
dichotomous audience, the authors deemed it advis- 
able to divide the book not into two, but into three 
parts. The division into three parts may have been 
an implicit recognition that if “black’’ can indeed be 
“white,” 


distinguished from there is still a large 


“grey” area in between, peopled by individuals who 


have one eye on deeply underlying causes and the 
other on practical problems. 

The first part of the work deals with the laws and 
relationships pertaining to frictional phenomena and 
this 
part were written by D. Tabor (the authorship of 
The first 
chapter, on the general mechanism of friction, leans 


lubrication in general. All three chapters of 


each chapter in the book is indicated). 


heavily on metal-to-metal surfaces as the models on 
which to demonstrate principles. This cannot be 
avoided, because in most cases there exists no com- 
parable data on other types of materials. In the 
second chapter, of equal length, the author gets his 
subject off the ground and takes up the matter of 
the friction of polymers and fibers. The final chapter 
in this part is on the mechanism of lubrication. 
Here the subject-matter deals mostly with fiber-on- 
fiber and fiber-on-metal situations. Part I could very 
well serve as a primer on surface friction in general. 

The authorships of the chapters of Parts I and II 
authors. The 


are divided between the other two 
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second part is nominally on friction in textile proc- 


essing. However, the first chapter, which is on 
wool, consists principally of introductory material on 
the nature of friction in this fiber, that would seem 
to belong in Part I. Processing and product per- 
formance enter the discussion by little more than 
allusion. The discussion of the internal structure of 
the wool fiber fails to mention the ortho- and para- 
cortex concept, which has assumed considerable im- 
portance since it was introduced by Horio and 
Kondo in 1953. While the differential frictional 
effect in wool is an interesting phenomenon, it is 
questionable, in this reviewer’s mind, whether the 
subject deserves a whole chapter in a work on tex- 
tiles generally. The authors really get into the 
processing aspects in the succeeding chapters on the 
role of friction in spinning, winding, weaving, and 
knitting. The two brief concluding chapters in this 
part, on tire-cord and fabrics, pertain to product 
performance rather than processing. 

The third part of the monograph, on test methods, 
will be of interest to both classes of readers at which 
the work is aimed. <A chapter is devoted to the 
measurement of the classical coefficient of friction of 
yarns and fibers. Techniques discussed range from 
the inclined-plane method (a traditional feature of 
high-school physics laboratory courses) to the more 
The 


cluding chapters, perhaps by way of lagniappe, deal 


sophisticated modern-day methods. two con- 


with two friction-related effects: tension in process- 
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ing and abrasion resistance. A brief appendix tabu- 
lates coefficients of friction and other parameters of 
various yarns and fibers. 

This reviewer finds disconcerting such terms as 
“the values of friction” which appear in this work. 
Surface friction is a phenomenon, not a quantity to 
which a numeric can be attached. “Friction” has no 
value, any more than “viscosity” (another misused 
term) or “gravitation” has a value. This comment, 
however, cannot prevent one from concluding that 
the book should prove to be very intriguing to any- 
one interested in the broad field of the trans-surface 
interaction of textile fibers. Since the word “fric- 
tion” means but one thing to most people, it may be 
picayune to remark that a more precise title for this 
book might have been Surface Friction in Textiles, 
for that is the only type of friction with which it 
deals. There is, however, another type, internal 
friction, which is highly important in the perform- 
ance of fibrous and polymeric materials. As so often 
happens nowadays in technical and cultural circles, 
this monograph grew out of a conference, the par- 
ticular one in this case being the Conference on 
Fiber Friction held in Belgium in 1954 under the 
sponsorship of The Textile Institute (Great Britain). 
While the work is published in association with the 
Institute, it does not appear to represent the complete 
proceedings of the Conference. The book is a fine 


example of the printers’ and binders’ arts. 
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FIBERS COMPANY 


A division of Celanese Corporation of America 


HAS 
IMMEDIATE ——4 
© F> e= ban ¥ ba G = in the Charlotte, N. C. Headquarters and in 


Plant locations in South Carolina, Virginia, W. Virginia, Georgia & Maryland 


These positions provide opportunity to join a company which is diversifying its fiber opera- 
tions, a multi-product producer of synthetic fibers in the acetate, triacetate, polyester, re- 
generated cellulose and nytril fields. 

Promotional potential is excellent as planned expansion continues. Most positions, 
therefore, require men capable of rapid advancement, either into positions of greater tech- 


nical responsibility, into marketing, or into another of the Celanese divisions. 


PROCESS DEVELOPMENT 

PhD preferred, in ChE, ME or Chemistry with 2 
to 10 years experience, preferably in synthetic 
fibers. To perform process design and economic 
studies related to new fiber research and develop- 
ment; or to develop and improve methods and 
equipment and supervise pilot plants tests and 
trials; or new fiber product development; or process 
design in extrusion development or chemical 
processing. 


PRODUCT DEVELOPMENT 

BS in ChE, Chemistry, Textile Engineering or 
Physics. 2 to 10 years experience in fibers. To 
develop new applications for man-made fibers; or 
to develop industrial fiber products including syn- 
thetic fiber papers, non-wovens, woven and knit 
products; or development and research in cellulose 
compounds, or development associated with syn- 
thetic fiber or textile processing. 


QUALITY CONTROL 

BS in Chemistry, ChE or Textile Engineering with 
some experience in quality control, development or 
related field. To establish and maintain a preventive 
quality control program in the areas of cellulose 
compounding, extrusion and textile processing. 


DYEING & FINISHING 

Polymer Chemist, PhD or MS with 2 to 6 years 
polymer application experience. For work in chem- 
ical modification of textile products. 

Colloid Chemist, PhD or MS with 2 to 6 years 
experience in colloid or surface chemistry. 


ANALYTICAL CHEMISTRY 


BS in Chemistry or Chemical Engineering with 2 
or more years analytical experience. For work in 
analytical laboratory including development of 
analytical methods. 


PLANT ENGINEERING & MAINTENANCE 
BS in ChE, ME or EE with 2 to 7 years experience, 
preferably in the textile industry. For design and 
estimation on plant modification or expansion; or 
design and modification of textile machinery or 
chemical processing or production equipment; or 
utilities and maintenance involving control 
instrumentation, power generation, refrigeration 
processes. 


TECHNICAL SERVICE & SALES 


BS with technical textile background and up to 
10 years experience in synthetic fibers or related 
industries, 


Please send resume, including salary requirements, to Mr. R. V. Butts. 


e FIBERS COMPANY 


A division of Celanese Corporation of America 


P.O. BOX 1414 


CHARLOTTE, NORTH CAROLINA 











